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Phytic acid is the most predominant organic phosphorus species in soils. Its stability in 
soils is mainly due to its high affinity for soil colloids, especially Fe (oxyhydr)oxides. They have 
been acknowledged as mobile/reactive adsorbents for P in soil-water environments. Although 
several sorption mechanisms were proposed, it is not clear how multi phosphate groups of phytic 
acid contribute to the surface complexation and/or precipitation processes. In this study, sorption 
behavior of phytic acid in ferrihydrite was examined using experimental geochemistry, solution 
31P nuclear magnetic resonance spectroscopy, X-ray diffraction and scanning electron microscopy. 
The results indicated inner-sphere surface complexation via P1,3 and P2 functional groups under 
both pH 5 and 8.5. Under alkaline pH, an additional P5 functional group became active. 
Coprecipitation experiments showed evidence of the formation of Fe(III)-phytate-like bulk 
precipitates when the initial phytic acid/Fe(III) molar ratio was high (0.45-0.5). At the low phytic 
acid/Fe(III) (<0.1), the formation of ferrihydrite was unaffected, but further transformation was 
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Chapter 1: Introduction and Literature Review 
1.1 Colloid Facilitated Transport of P in Soils 
Excessive phosphorus (P) loss from the soil to fresh water may cause serious environmental 
pollution like eutrophication. Phosphorus transport in soils are usually complex and P can travel 
in different forms (e.g. dissolved, colloidal, particulate). The colloidal-sized particles have a large 
specific surface area and a large number of reactive surface functional groups per unit mass, thus 
a high adsorption capacity for P in soils (Mcgechan et al., 2002; Tavakkoli et al., 2013), and the 
association of strong sorbing contaminant like P with colloids is thought to enhance mobility 
(Kretzschmar et al., 1999). The sorption onto colloidal soil particles as a predominant mechanism 
leading to P loss is getting increasing attention and has often been reported in the literature. 
Colloid-facilitated transport of P is of great importance also because it’s a “physical mode of 
transport that may operate independent of the factors that control the chemical mobility of P in 
terms of precipitation and chemical complex mechanisms” (Heathwaite et al., 2005). Besides, 
colloidal P can migrate through immobile soil particles, thus traveling for a longer distance to 
receiving waters, which can be a new concern for P loss studies (Liang et al., 2016). 
Two most mentioned forms of P were total phosphorus (TP) and molybdate-reactive 
phosphorus (MRP). Total phosphorus is always being measured using acid (e.g. persulphate, 
perchloric, hydrofluoric acid, etc.) digestion. Molybdate-reactive phosphorus was originally 
defined by Murphy and Riley (1958) when determining the concentrations of phosphate ions in 
water. Molybdate-reactive phosphorus has now been widely used in describing concentrations of 
dissolved P (orthophosphate) in soil solutions and is sometimes referred to as dissolved reactive 
phosphorus (DRP), or soluble reactive phosphorus (SRP) (Haygarth et al., 1997). Molybdate- 
unreactive P (MUP) is generally considered to consist of all other P compounds such as organic- 
and poly-P, and is calculated as the difference between TP and MRP (Hens & Merckx, 2001). 
Although the general sizes of colloids are between 1nm-1µm (Hunter, 1986), different 
experiments may have different definitions and focuses on colloids’ size distribution. Varied sizes 





1.1.1 Surface runoff 
In many agricultural systems, surface runoff during high-intensity rainfall events seems to 
be the main route for P transport (Timmons et al., 1977; Gburek and Sharpley, 1998; Yu et al., 
2011). Numerous field and laboratory studies in arable lands and grasslands have been conducted 
regarding colloidal P transport in surface runoff. Although the results did not show any correlation 
between soil types and the release of colloidal P, there are several key factors that could stimulate 
the release of colloidal P, 1) re-wetting of soil after rainfall events or irrigation (Catt et al., 1998; 
Turner et al., 2004a; Hu et al., 2013), 2) application of synthetic or animal-based fertilizer (Preedy 
et al., 2001; Siemens et al., 2004; Liang et al., 2016; Missong et al., 2016) and 3) changes in ionic 
strength of pore water to facilitate the desorption of colloids (Turner et al., 2004a; Heathwaite et 
al., 2005; Hu et al., 2013). Notable studies are summarized below. Table-1.1 shows specific field 
reaction/field conditions, soil types, and agricultural management in each study.  
The evidence of colloidal P in arable lands is summarized below. Catt et al. (1998) 
concluded that the surface runoff was likely to be the main route of P losses in arable land in 
Britain. There are two soil types at the study sites in Oxfordshire, a clayey soil dominated by 
biopores of mole channels with winter cereal and a loamy sand soil with various crop rotation of 
potatoes, wheat, barley, and sugar beet.  The losses of TP and MRP in surface runoff (0.63-5.98 
mg P/L and 0.06-0.94 mg P/L) were much greater than in the drain flow (0.26-0.60 mg P/L and 
0.03-0.07 mg P/L). The maximum MRP loss in the surface runoff was as high as 32150 g P/ha, 
which were greater than that in the drain flow (370-910 g P/ha). The difference between TP and 
MRP suggested a large contribution of PP in the system. Turner et al. (2004a) conducted rainfall 
simulated runoff experiments on calcareous soils in the semiarid western U.S. Concentrations of 
colloidal MRP (MRP associated with 1nm-1µm and 0.3nm-1µm particles) were 0.2-3.1 µmol l-1 
and 0.2 to 2.9 µmol l-1 in runoff, respectively. These results showed that up to 50% of the <1µm-
MRP was associated with colloids in the surface runoff, representing an important component of 
P transfer in these soils. Hu et al. (2013) examined P losses in paddy soils along the north shore of 
the Yangtze River, China. Phosphorus was mainly lost through surface runoff and 85.0% to 94.1% 
of the P lost was associated with suspended particles. Mean concentrations of suspended P in the 
surface water increased from 9.39 to 31.78 kg/km2 with increasing slope from 4 to 17%. Their 
experiment also showed that P loss during May to November when rainfall was the most frequent 
accounted for over 60% of the annual P loss, indicating surface runoff as a predominant route for 
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P loss during rainfall events, which was also a common conclusion in other research. Liang et al. 
(2016) observed colloidal P in both paddy floodwater and runoff in China. Four treatments were 
carried out during the rice season: no fertilization; calcium superphosphate application at 26 kg 
P/ha and 52 kg P/ha; swine manure application at 26 kg P/ha. Colloidal MRP loads in the paddy 
floodwater were 0.56, 2.78, 4.46, and 5.91 mg/m2 on the first day after fertilization, respectively. 
The highest concentrations of colloidal P in runoff under four treatments were 0.2 mg/L, 0.45 mg/L, 
0.3 mg/L, 0.6 mg/L, respectively, and no significant difference was detected among the four 
treatments after 46 d. Correlation analysis showed that colloidal P concentrations were positively 
and significantly correlated with concentrations of colloidal MRP, colloidal Al, colloidal Fe, and 
colloidal TOC. Moreover, concentrations of colloidal MRP were correlated with colloidal Fe and 
TOC. 
Grasslands are another frequently investigated systems concerning P and colloidal P loss. 
In grasslands receiving manure amendments, P can not only associate with soil colloids but can 
also bind with colloids in manure, which accounts for the relatively high concentrations of 
colloidal P. Heathwaite et al. (2005) studied surface runoff from a clay loam grassland in the UK. 
They collected runoff waters 10 d after a 70mm-rainfall. Most of the TP was either associated with 
fine colloids <0.001µm or fractions >2 µm. Total P concentration was about 20 µg/L in colloids, 
providing further evidence that agricultural runoff has great potential to mobilize colloids and 
associated P during rainfall events. In a field experiment, Preedy et al. (2001) studied incidental P 
transport in surface runoff. The experimental site was on a clayey non-calcareous soil grazed by 
sheep and cattle prior to the study. Three treatments included zero P, triple super P fertilizer and 
manure slurry at 50 m3/ha. The highest concentrations of colloidal P (0.01-0.8 µm) under three 
treatments were 125 µg/L, 4000 µg/L, and 6000 µg/L, respectively. A higher concentration of 
colloidal P in slurry-amended soil runoff indicated that P associated with (slurry-derived) organic 
colloids was highly mobile. Nelson et al. (1996) studied P in streams draining two grazed 
catchments in South Australia. The Retreat Valley has a mean slope of 21% and dominated with 
pasture land on loam to clay loam soils. All areas were applied with single superphosphate at a 
rate of 5.7 kg P/ha yr. Soils in Lawless were predominated by gravels, sands, silts, and clays with 
a mean slope of 3.2%. Single superphosphate or N-P-K fertilizer was applied annually at a rate of 
11.4 kg P/ha. They mainly focused on P in ~0.45 µm fraction and the colloids were defined as >100 
kDa. In Lawless, most DP was in organic colloidal forms with the concentration of 0.17 kg P/ha 
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yr in the stream, while in Retreat Valley, most DP was associated with inorganic colloids and the 
concentration of 0.07 kg P/ha yr was reported. The higher concentration of DP export from 
Lawless could be attributed to higher rates of fertilization, the presence of cow manure, being 
waterlogged throughout nearly the entire catchment and a sandy A horizon. In a lab experiment, 
Dougherty et al. (2006) used eutrophic soils from a subcatchment that were used for dairying for 
over 30 yrs in South Australia. The simulated rainfall experiment at an intensity of 30 mm/h 
showed that the majority of TP was in subcolloidal forms (<10 kDa) with the concentration ranging 
from 0.22 to 2.3 mg/L in surface runoff. In low fertilized soils (TP of ~600 mg/kg), colloidal P 
seemed to be the main component of dissolved P in the surface runoff, whereas mobilization of 
reactive P was of more importance in high P soils (TP of ~2000 mg/kg). Dao et al. (2008) found 
manure P-containing colloids associated with E. coli and enterococci in surface runoff upon 
simulated rainfall experiments. The lab-scale experiment used live/grass covered soil in runoff 
boxes with 4o slope and the top 25 cm soils were applied with dairy manure at 11.7 kg/m2. The 
phosphohydrolase-labile P (PHP) in the runoff was generally sorbed on suspended colloids or 
complexed with metallic polyvalent cations. The manure associated PHP reached a maximum at 
40 mg/L during this experiment. The results suggested that live leaf may play an important role in 
hindering the release of bacteria and PP in the runoff. Gottselig et al. (2014) investigated fine 
colloidal P (2-200 nm) in a stream water of a catchment which was coniferous-dominated mixed 
forest soils (silty clay loam, slope: 3.6% - 10.4%) with Norway spruce and Picea abies L. The 
maximum concentrations of colloidal P were about 2 µg/L and 10 µg/L in the 2-20 nm and 21-300 
nm fraction, respectively. Ulén (2003) studied surface runoff and pipe drain waters from two clay 
(mostly illite) soils in an arable land. Colloidal P accounted for the biggest proportion (28%) in 
pipe drainage. Both plots received fertilizer at 18 kg P/ha and one of the plots was ploughed while 
the other one was undersown with timothy and red clover and the main crop was spring barley. 
Colloidal P concentrations in two plots were 0.127 mg/L and 0.153 mg/L, respectively. The results 
showed that the concentration of colloidal P was inversely correlated with runoff, suggesting 
dispersion of colloidal P during slow runoff events.  
 
1.1.2 Subsurface flow 
Though surface runoff is generally thought to be a main route for P loss, subsurface 
pathways (like preferential flow via macropores) may also be important for P transfer (Hens and 
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Merckx, 2001). The importance and great proportion of colloidal P in subsurface flow has been 
reported in many publications (Chardon et al., 1997; Vendelboe et al., 2011; Toor and Sims, 2015) 
and colloidal P in agricultural soils including arable lands and grasslands are still of great concern. 
The studies conducted in agricultural lands and forests showed an interesting trend in the 
occurrence of colloidal P in the subsurface flow. As in surface runoff, wetting and drying cycles 
tend to promote the release of colloidal P in the subsurface environment (Hens and Merckx, 2001; 
Motoshita et al., 2003; de Jonge et al., 2004; McGechan et al., 2005). Enrichment of P or P 
saturation, in soils via manure and fertilizer application facilitate the release of colloidal P (Sims 
et al., 1998; McDowell and Sharpley, 2001; McGechan et al., 2002; Zang et al., 2011; Liang et al., 
2016). When soil conditions favor preferential flow via macropores or drainage/biopore systems 
(Sims et al., 1998; McDowell and Sharpley, 2001), detachment of colloidal P occurs (Stamm et 
al., 1998; McGechan et al., 2005). Major investigations of colloidal P in subsurface flow are 
summarized below. Specific conditions reported in each study are summarized in Table-1.1. 
Stamm et al. (1998) investigated the importance of preferential flow to P transport in a 
drainage system in a loamy grassland. Most of the field was used for agricultural purposes and 60% 
of the agricultural land was grassland. The field received intensive dairy and swine slurry (total P 
content was 0.7%-0.9% of the dry weight and 20%-30% of the total P was organic P). Discharges 
were collected right after precipitation and colloidal P referred to inorganic P adsorbed to colloids 
in the size range of 0.05-0.45 µm. Colloidal P accounted for about 12% of the total MRP during 
one event and the highest concentration was approximately 20 µmol/L. The experimental results 
indicated preferential flow, especially worm burrows in this case, to be an efficient mechanism of 
P transport to tile drains in similar soils. 
Other studies investigated vertical distribution and transport of colloidal P through 
measuring P contents in soil-water extracts or soil solutions (Rhea et al., 1996; Heathwaite et al., 
2005; Liu et al., 2014). Rhea et al. (1996) found that colloidal P (<0.45 µm) dominated in soil 
water extracted from a mildly acidic sandy soils in Greek. Two sites of different slopes were 
selected along the upper edge of the watershed. The sites were open, nonforested areas with sparse 
vegetation and little organic debris on the surface. Soil samples were taken before and immediately 
after a simulated rainfall from two different depths (0-8 cm and 8-16 cm). Results showed that 
depth and treatment (with or without artificial rainfall) had a significant effect on colloidal P 
concentrations. Concentrations of colloidal P in soil extracts under artificial rainfall were 0.38 
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mg/kg and 0.42 mg/kg in 8-16 cm and 0-8 cm depth, respectively, as compared to 0.97 mg/kg and 
1.07 mg/kg for a control plot. In a field and laboratory study, Heathwaite et al. (2005) measured 
colloids in seven different soil series in UK and found that nearly all TP was in colloidal (0.3 nm-
2 µm) forms in soil solutions with the highest concentration of 154.9-161.7 mg P/kg dry weight 
and the lowest of 23.6-23.7 mg P/kg dry weight. Experimental results also suggested that 
significant P transfer may occur in soil subsurface pathways when there’s a range of colloid sizes 
as carriers. Liu et al. (2014) took soil samples from P fertilizer amended soils, cultivated with rice 
and vegetables in a catchment in China (Liu et al., 2013). For the <1 µm fractions of water-
extracted P, 80.9% (6.87 mg/kg), 55.2% (20.3 mg/kg) were associated with colloids in rice and 
vegetable soils, respectively. Most of the colloidal P occurred in MRP forms, indicating great 
potential for P leaching from these soils. 
A soil column leaching experiment is another common way to test the vertical transport of 
colloidal P in soils and most of the column leaching experiments have shown a “first flush” 
phenomenon (Motoshita et al., 2003; de Jonge et al., 2004; Sharma et al., 2015). de Jonge et al. 
(2004) took soil samples from an agricultural soil (sandy loam texture with <1% slope)  in 
Denmark. The results showed that approximately 75% of P moving to deeper soils was colloid-
facilitated (> 0.24 µm). Their research also suggested that the leaching of colloidal P showed a 
“first flush” phenomenon, indicating high concentrations of colloidal P leaching if irrigation is 
stopped and resumed after some time. The concentration of inorganic colloidal P in the first flush 
ranged between 0.41-5.27 mg P L-1, and the concentration of organic colloidal P in the first flush 
ranged between 0.17-0.99 mg P L-1. Motoshita et al. (2003) investigated P relationship with 
inorganic colloids and colloidal organic matter by conducting column leaching experiments with 
artificial irrigations. The results showed that the significantly higher concentration (10 mg/L) of 
colloidal P leached during the first irrigation event, while relative constant (maximum at 2 mg/L) 
leaching was seen during the 2nd-6th irrigation events. Also, smaller irrigation intensity seemed to 
induce more colloidal P leaching than larger irrigation intensity.     
Sharma et al. (2015) studied P in soil solution and leachate of loamy soils collected in a 
catchment in Australia. Surface layers of all three soils were highly acidic (pHCaCl2  4.46-4.61). 
Experiment results showed that a significant proportion of P was in the fine colloid fraction (0.2–
0.45 µm), potentially transported via preferential flow. The findings were consistent with those of 
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Allousha et al. (2003), who suggested that P concentrations increased with soil depth and that P 
was the most mobile P form under pasture. 
Except for mineral colloids originated from the soil, a large range of organic colloids of 
different particle sizes may come from slurry, manure, and other organic wastes (Frossard et al., 
1989; Donald et al., 1993; Hens and Merckx, 2001, 2002; Regelink et al., 2013). These colloids 
may carry much more P compared to inorganic mineral colloids (Chardon et al., 1997; Zang et al., 
2011). Moreover, colloidal particles derived from manure may preferentially facilitate vertical 
transport of P via macropores (e.g., McGechan et al., 1997, 2002), which indicates that fertilization 
can have a significant influence on colloidal P migration in soils. McGechan et al. (2002, 2005) 
used a MARCO model to support their supposition that colloidal P passing through macropores 
was a main mechanism of P leaching in a short time after spreading slurry on wet soil. Results 
showed that a large portion of P loss was associated with colloids. After slurry application, the 
simulated concentration of inorganic colloidal P increased to 70-120 mg/m2. The modeling 
experiment suggests that P leaching could be reduced if spreading slurry on very wet soils was 
avoided. 
 
1.2 Characteristics of Colloidal P 
1.2.1 Size distribution  
Although commonly reported colloid size is 1nm-1µm (Hunter, 1986), the size of colloidal 
P is operationally defined. All studies used different particle separation techniques (e.g., filtration, 
and centrifugation and water dispersion) (Haygarth et al. 1997; Jiang et al., 2015, 2017; Shand et 
al., 2000). Most of colloidal P seems to fit in the range of 3 kDa-450 nm or < 10,000 MW (Nelson 
et al., 1996; Haygarth et al., 1997; Stamm et al., 1998; Henderson et al., 2012; Gottselig et al., 
2014; Jiang et al., 2015, 2017; Sharma et al., 2015; etc.).  
 
1.2.2 Mineralogy and elemental association 
Colloidal P can be separated into P associated with inorganic and organic colloids as 
adsorbents. Inorganic colloids include metal (hydr)oxides, clay minerals, and products of soil 
weathering, like aluminum silicates, etc. Organic colloids consist of refractory organic matter like 
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humic acids and natural organic matter like lipids, peptides, etc. (Kretzschmar et al., 1999; Gimbert 
and Worsfold, 2007; Sharma et al., 2017). Soil P generally associates with mineral colloids like 
metal (hydr)oxides (Ca, Fe, Al, Si, etc.) (Beauchemin et al., 2003; Henderson et al., 2012; Liu et 
al., 2014; Prietzel et al., 2016b; Regelink et al., 2013; Rick and Arai, 2011; Sharma et al., 2017; 
Turner et al., 2004a) or with organic or organo-mineral colloids (mainly humic substances) 
(Sharma et al., 2017).  
Phosphorus may bind to different kinds of colloids under varied conditions. For example, 
Missong et al. (2016) argued that the main colloidal carriers for P in acidic forest soils are Fe, Mn, 
and Al (hydr)oxides. Ilg et al. (2008) maintained that Fe and Al oxides are the most important 
sorbents for P in mildly acidic sandy soils. Makris et al. (2006) and Zang et al. (2011) found the 
amount of Fe hydroxides significantly correlated with colloidal P in both manure-applied soil 
columns and unamended soils. VandeVoort et al. (2013) found that soil colloids in weathered 
Ultisols were primarily composed of amorphous materials rich in Al and Si, and found that the 
colloids in the three soils mainly consisted of amorphous aluminosilicate materials, hematite and 
kaolinite/muscovite.  
 Sato et al. (2005) reported that in loamy soils receiving long-term poultry manure 
application, P is more likely to be associated with Ca instead of Fe/Al and the long-term application 
also resulted in a transformation of relatively soluble Ca-P into more crystalline ones. Beauchemin 
et al. (2003) also found P mainly associated with Ca as apatite forms in slightly alkaline soils that 
have received long-term amendments of manure or lime. Turner et al. (2004a) also reported Ca-
associated colloidal (0.3-3 nm size) P in calcareous soil runoff. 
Several researchers reported the association of colloidal P with dissolved organic matter 
(Schoenau and Bettany, 1987; Gerke, 1992; Chardon et al., 1997; Dolfing et al., 1999; Regelink 
et al., 2013). Schoenau & Bettany (1987) found most P associated with more mobile fulvic acid 
rather than humic acid colloids in forest soils and P contents increasing with soil depth, indicating 
significant potential for P leaching. Regelink et al. (2013) analyzed different P species in colloidal 
P fractions and observed P associated with colloidal organic matter (1-5 nm) in the formation of 
orthophosphate-metal-dissolved organic matter complexes, accounting for 6%-12% of colloidal P. 
P associated with 15-100 nm colloidal clay minerals contributed 35%-52% to colloidal P. In 
slightly acidic soils with a high content of organic matter, colloidal P is always reported to occur 
as humic–metal–phosphate complexes (Gerke, 1992; Dolfing et al., 1999). For example, results 
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reported by Hens & Merckx (2001) indicated that high molecular mass reactive P (HMMRP) 
consisted of metal-OM complexes bound with orthophosphate and these complexes could be 
partially hydrolyzed under acidic conditions. Dissolved humic substances (HS) could interact with 
metal via weakly acid functional groups which would in turn bind with orthophosphate. Dissolved 
HS could also form metastable colloids associated with metal-PO4 complexes. Phosphorous could 
also bind with HS via Fe, Al bridges.  
 
1.3 Phosphorus Speciation in Colloidal P 
Understanding speciation of P can be important since different P species may differ in their 
bioavailability (Ekholm, 1994). Generally, soil P can be divided into inorganic P and organic P. 
Inorganic P includes minerals like strengite and apatite, and dissolved forms like phosphates, and 
polyphosphates. The majority of organic P compounds are phosphate monoesters, phosphate 
diesters and phosphonates (e.g. Cade-Menun, 2005; Missong et al., 2016) and among these species, 
the most stable and thus most predominant Po in soils is thought to be inositol hexaphosphate 
(Anderson, 1980). Some notable studies are summarized below. 
Phosphorus speciation in soil amendments like manure can greatly influence P speciation 
in colloidal P. Fresh manure (e.g. horse, cow, steer, sheep, poultry) generally contains 3-15 mg 
P/kg of Po, 50-70% of which may be IHP (Peperzak, 1959). IHP can complex with Ca to form 
soluble compounds (Ca1-IHP, Ca2-IHP) as well as precipitate with Ca (Ca3-IHP) (Graf, 1983). 
However, Henderson et al. (2012) reported that poultry-litter derived P is rapidly mineralized into 
orthophosphate. 
Jiang et al. (2015) studied amorphous and crystalline Fe bound colloidal P and found that 
orthophosphates were the predominant inorganic colloidal P in arable soils, accounting for 88% of 
the NaOH-EDTA-extractable P and that orthophosphate monoesters were the main organic 
colloidal P. Later, Jiang et al. (2017) investigated P speciation in topsoil water extracts along a 
grassland transect from Inceptisol to Entisol. A high proportion of pyrophosphate (38.5%) was 
found in the 3–300 kDa fraction of colloidal P. 
Liu et al. (2014) found that the inorganic P compounds accounted for 77.2% of total 
colloidal P, and that 75.2% occurred as orthophosphates. Other inorganic forms included 
polyphosphate and pyrophosphate, each accounting for 1% of the total colloidal P. The dominant 
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organic P form was orthophosphate monoesters (19.8% of total colloidal P). The results indicated 
that colloids were richer in stable P compounds and poorer in labile or mineralized P than the bulk 
soil solution. 
Missong et al. (2016) found colloids in forest soils more enriched with Po than Pi (about 
84% of colloidal P was Po). The colloidal fraction was observed to consist of a large variety of 
organic P compounds and phosphate monoesters as well as diesters.  
 
1.4 Formation of Colloidal- and Particulate-P 
In most literature, how P associates with colloids has not been discussed. However, it is 
clear that the formation of colloidal/particulate P has two mechanisms: adsorption onto mineral 
surfaces and precipitation with dissolved metals, and complexation with dissolved ligands (Parfitt, 
1979). The following section summarizes the fundamental reactions of phosphate and organic P 
in soil solutions. 
 
1.4.1 Phosphate adsorption in variable charge mineral surfaces 
Iron and Al (hydr)oxides are generally considered to be the primary solid phases that 
control P solubility in soils since they have high affinities for oxyanions like phosphate (Parfitt, 
1979). Although most studies use synthetic Fe/Al oxides to investigate P adsorption, the results 
have been reported to be similar to those from experiments using natural oxides (Torrent et al., 
1992).  
 
1.4.2 Phosphate complexation mechanism 
Phosphate adsorption on Fe (hydr)oxides roughly consists of two stages: an initially rapid 
one followed by a slower one (Torrent et al., 1990) which is attributed to phosphate diffusing into 
micropores or aggregates (Torrent et al., 1992). In the rapid initial stage, phosphate undergoes 
ligand (i.e., surface hydroxyl or water) exchange reactions. Examples of adsorption reactions on 
iron oxide surfaces at near neutral pH are shown below:  
≡2Fe-OH21/2+ + H2PO4- ↔ ≡Fe2O2PO2H2 + 2H2O  





Generally, inner-sphere surface species have been suggested for P adsorption on goethite: 
(e.g., monodentate mononuclear, bidentate binuclear) (e.g. Atkinson et al., 1972; Tejedor-Tejedor 
and Anderson, 1990; Torrent et al., 1990; Persson et al., 1996; Russell et al., 1975; Yates and 
Healy, 1975). 
Tejedor-Tejedor and Anderson (1990) also reported protonated bridging bidentate 
complexes (Fe2HPO4) preferentially formed at low pH (3.5-6.0) with high phosphate coverage 
(150-190 µmol/g) and nonprotonated bidentate complexes (Fe2PO4) became the predominant 
species at pH 6.0-8.3, or at lower phosphate surface coverage (50 µmol/g) across the pH range of 
3 to 9. In the experiment, monodentate complexes were identified when the Fe/phosphate ratio 
was less than unity and the concentration was low enough to avoid dimerization. Also, 
monodentate species weren’t detected when below pH 6 at surface coverage ≥100 µmol/g. The 
authors also investigated pK values for (FeO)2POOH  as the surface coverage changed: pK was 
about 6 with a surface coverage of 190 µmol/g and pK values decreased with decreasing surface 
coverage. Moreover, the intrinsic pK for surface protonation was around 4.6. 
In contrast with the bridging coordination mentioned above, Persson et al. (1996) found 
monodentate coordination in good agreement with observed IR spectra at both acidic and alkaline 
pH. At pH 3, diprotonated monodentate surface complex (≡FeOPO(OH)2) dominated, while at pH 
4-6, monoprotonated monodentate complex (≡FeOPO2(OH)-) started to dominate. Continued pH 
increase altered the principal surface complex to nonprotonated monodentate complex 
(≡FeOPO32-). The authors also suggested that surface speciation was essentially a function of pH. 
 
1.4.2.2 Hematite 
Elzinga and Sparks (2007) suggested formation of protonated bridging bidentate 
complexes between phosphate and hematite at relatively low pH (3.5-7.0), while at higher pH (8.5-






Ferrihydrite had the largest phosphate adsorption of all iron (oxyhyr)oxides, probably due 
to its high surface area density and low crystallinity (Arai and Sparks, 2001; Borggaard et al., 2005; 
Zeng et al., 2008; Antelo et al., 2010; Wang et al., 2013b; Adam, 2016, 2017).   
Arai and Sparks (2001) confirmed inner-sphere adsorption of P to ferrihydrite-water 
interface at pH=3.0-9.0. IR spectra results showed that the predominant form at pH ≥ 7.5 was 
nonprotonated bidentate binuclear complex (≡Fe2PO4) and was protonated bidentate complex at 
pH < 7.5. However, they left open the possibility that other complexes could be present, like 
nonprotonated monodentate complex at relatively high pH and protonated monodentate or 
monodentate with hydrogen bond at lower pH. 
Wang et al. (2013a) found evidence that binuclear bidentate complexes formed on 
ferrihydrite after comparing results from attenuated total reflectance infrared spectroscopy (ATR-
IR) and differential pair distribution function (d-PDF). The author also investigated the effect of 
ferrihydrite size on phosphate adsorption and concluded that reaction rate constant and adsorption 
capacity decreased with increasing crystallite ferrihydrite size at pH 4.5. Also, smaller ferrihydrite 
tended to have more available ≡Fe-OH21/2+ as adsorption sites. 
Adam (2017) assigned phosphate adsorbed on ferrihydrite at pH 9.5 to binuclear bidentate 
bonding configuration, which was similar to the results from Adam (2016), where phosphate 
adsorbed at pH 4, 6, or 8 was also assigned to binuclear bidentate bonding configuration. They 
also investigated phosphate adsorption behavior on ferrihydrite-calcite mixture under alkaline pH 
and the results showed that the majority of phosphate was distributed on ferrihydrite at near 
maximum phosphate sorption capacity of ferrihydrite-calcite mixture, which could probably be 
attributed to stronger bonding configuration of phosphate on ferrihydrite.  
 
1.4.2.4 Aluminum (hydr)oxide 
Similar to the adsorption mechanism of phosphate on Fe (hydr)oxides, phosphate also 
forms inner-sphere surface complexes on Al (hydr)oxides surfaces. Li et al. (2013a) confirmed the 
formation of bidentate surface complexes of phosphate on boehmite as the predominant sorption 
mechanism across a wide range of pH (4-10), and they also argued that pH didn’t influence 
coordination of phosphate to surface Al but the protonation state of adsorbed phosphate instead. 
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As a result of the inner-sphere complexes formation, ionic strength didn’t have much effect on 
phosphate adsorption, especially between pH 5-8 while adsorption increased with increasing ionic 
strength at pH > 8. Li et al. (2010) had similar results when studying phosphate adsorption behavior 
on boehmite. The NMR spectra identified bridging bidentate complexes form at pH 3.0-11. Li et 
al. (2013b) studied phosphate adsorption behavior on corundum and also found bridging bidentate 
surface complexes dominating for a wide range of pH (at least 5.0-9.0, more probably 3.0-11).  
 
1.4.2.5 Humic substances  
Humic substances can alter P adsorption in several ways: they can bind with metal 
(hydr)oxides and block the adsorption site, thus reducing P adsorption (Moshi et al., 1974); they 
can inhibit the crystallization of Fe/Al (hydr)oxides and the humic-Fe/Al (hydr)oxides usually 
have higher affinity for P than do Fe/Al (hydr)oxides (Gerke and Hermann, 1992). 
Gerke (1993) maintained that the contrasting discoveries in how the addition of humic 
substances affect P adsorption could be a result of different experimental approaches and blocking 
adsorption sites may be the dominant mechanism at early reaction stage while inhibiting the 
crystallization of metal (hydr)oxides take main responsibility in later stages. Gerke and Hermann 
(1992) showed that the adsorption capacity of the humic-Fe surface was about tenfold higher than 
that of amorphous Fe oxides and suggested that phosphate was bound via Fe-bridges to humic 
substances rather than via ligand exchange.  
Gottselig et al. (2014) found P bound to Al-containing colloids rather than Fe in the 2-20 
nm fraction, whereas in the 21-300 nm fraction, there was no strong correlation between P contents 
and Al or Fe concentrations, indicating that colloidal P might be associated with organic matter. 
 
1.4.3 Organic P complexation in soil components 
Monoester phosphates have been shown to be adsorbed to iron oxides via ligand exchange 
just like phosphate through their phosphate groups (Shang et al., 1990; Rugova et al., 2014; Xu et 
al., 2017). The mechanism of organic P adsorption (forming a binuclear complex) is also similar 
to that of phosphate and the only difference comes from the organic moiety, which will bring about 
conformational hindrance (Celi et al., 1999).  
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Inositol hexaphosphate (IHP) is the most abundant organic P species in soils as a result of 
preferential adsorption on soil colloids. Generally, only some of the six phosphate groups are 
bound to metal (hydr)oxides and others will stay free (Xu et al., 2017). For example, Celi et al. 
(1999) found only two phosphate groups bound to kaolinite and illite and four phosphate groups 
bound to goethite. Several studies also suggested that adsorption of IHP was higher on less 
crystalline oxides (Celi et al., 1999; Yan et al., 2014a, b). It’s generally thought that the high charge 
density of IHP causes net negative charge on adsorbent surfaces after adsorption (Celi et al., 2001). 
When the free phosphate groups dissociate, (hydr)oxide surfaces will be negatively charged, 
causing increasing electrostatic repulsion and thus the dispersion of colloids. Furthermore, a lot of 
soil minerals including goethite, hematite, Bayerite, illite, kaolinite, etc. tend to show higher 
affinity for IHP than phosphate (Celi and Barberis, 2007). 
 
1.4.3.1 Goethite 
Four out of six phosphate groups are generally thought to be bound to goethite surfaces 
(Ognalaga et al., 1994; Martin et al., 2004; Johnson et al., 2012). 
Ognalaga et al. (1994) studied the mechanism of glucose-I-phosphate (G1P) and IHP 
adsorption on goethite. Zeta potential of goethite decreased form 26.6 mV to -61.4 mV after IHP 
adsorption, to -45.9 mV after Pi adsorption, and to -40.1 mV after G1P adsorption. Mechanism of 
IHP adsorption was mostly probably inner-sphere complexation with four out of six phosphate 
groups associated with goethite. The adsorption of IHP on goethite was solely the interaction 
between phosphate groups and the OHA sites. The adsorption of G1P was specific adsorption 
between G1P and positively charged surface or neutral OHA sites.  
Celi et al. (2001) found the amount of adsorbed phytic acid decreased with increasing pH 
from 3 to 10 when the background electrolyte was KCl. In the presence of Ca2+, the trend became 
the opposite and might be attributed to precipitation of Ca3 phytate above pH 6. The four phosphate 
groups were reported to form a monolayer on goethite surface. Deducing from the Langmuir K 
value, the higher number for IHP adsorption indicated higher affinity of goethite surface for IHP 
than phosphate. 
Martin et al. (2004) observed IHP and phosphate desorption from goethite and found that 
the stability of IHP-goethite complexes was lower at pH=5-7 while it increased in more acidic or 
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more alkaline conditions and this pH effect was more pronounced for IHP than phosphate. 
Although IHP would dissociate more OH-, and the IHP-goethite complex became more negatively 
charged when pH approached PZC of goethite, thus an increasing repulsion against readsorption, 
IHP-goethite complexes were still more stable than phosphate-goethite complexes and desorbed 
less at all pHs and this low desorbabilty indicated higher affinity of goethite for IHP than phosphate. 
Johnson et al. (2012) also reported a decreasing trend of adsorbed IHP with increasing pH 
and suggested that it was the result of changes of electrostatic interaction between the adsorbates 
whose negative charge increased and the adsorbents whose net positive charge decreased with pH 
increasing. Different from the mechanisms mentioned above, the authors argued that P was 
adsorbed to goethite via outer-sphere complexation indicated by little structural change between 
IHP in solution and adsorbed IHP. Moreover, the absence of new bands suggested that no new 
bonds were formed between the organic moiety of IHP and goethite. The authors also suggested 




Inositol hexaphosphate is proposed to be associated with hematite via the formation of 
binuclear bidentate complexes (Yan et al., 2014c). Generally, only two out of six phosphate groups 
are assumed to be bound to hematite surfaces (Giaveno et al., 2008; Yan et al., 2014c) while Xu 
et al. (2017) estimated three phosphate groups were bound to hematite at pH=5.5 and two 
phosphate groups were adsorbed at pH=10.0. 
Xu et al. (2017) studied IHP and glycerol phosphate (GP) adsorption on hematite with 
reference to orthophosphate. The FTIR data indicated that both forms of organic P were adsorbed 
via ligand exchange. Adsorption of both organic P on goethite changed the zeta potential from 
positive to more negative than orthophosphate adsorption, increasing electrostatic repulsive forces, 
thus enhancing colloidal dispersion.  
Giaveno et al. (2008) observed only two out of six phosphate groups of IHP adsorbed on 
hematite compared with the more crystallized goethite, which was probably due to the nonoptimal 
arrangement of hydroxyl groups on hematite hindering the involvement of more phosphate groups.  
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Yan et al. (2014c) concluded that the interaction between IHP and hematite which involved 
multiple phosphate groups’ complexation was stronger than that between phosphate and hematite. 
The authors inferred that two phosphate groups were associated with hematite based on the 
maximum IHP/Pi ratio of 6:2.6 between the pH range of 3 and 10. Adsorption experiment showed 
that the adsorption capacities of IHP on hematite surface decreased with increasing pH. The 
adsorption of IHP increased with increasing ionic strength at pH=3-10 and the adsorption of 
phosphate decreased with increasing ionic strength at pH=3-6 while the trend became opposite at 
pH ≥7. The desorption experiment showed that hematite had more affinity for IHP than goethite 
and IHP was more irreversibly adsorbed to hematite than phosphate. 
 
1.4.3.3 Ferrihydrite 
Celi et al. (2003) compared IHP and orthophosphate sorption behavior on ferrihydrite. The 
concentration of adsorbed IHP was two times lower than adsorbed phosphate. As for the mixed 
system, only one phosphate group was associated with the mineral surface. After being adsorbed 
on ferrihydrite, IHP was found to be more strongly bound to the surface than phosphate and could 
promote dissolution of ferrihydrite, while phosphate hampered mineral dissolution. 
Shang et al. (1992) compared the amount of IHP and phosphate adsorbed on ferrihydrite 
and concluded that the number of accessible adsorption sites for Pi was more than for IHP, which 
might be attributed to the difficulty of IHP penetrating into the surface pores where the adsorption 
sites were. The adsorption of phosphate and IHP generally decreased with increasing pH.  
 
1.4.3.4 Aluminum (hydr)oxides 
Guan et al. (2006) investigated IHP adsorption behavior on Al hydroxide at pH 4-10, where 
the adsorption kept relatively constant in the range of pH 4-7 and reduced considerately at pH over 
7. As indicated by the authors, the higher adsorption at lower pH could be attributed to the fact 
that protonation of OH- on the mineral surfaces weakened the ≡Al-O bond, thus facilitating OH- 
detachment, hence a promoted IHP inner-sphere complexation. At higher pH, IHP adsorption was 
found to be more suppressed as a result of a large number of negative charges of IHP, which would 
lead to more repulsion between IHP and the mineral surface at high pH. 
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Yan et al. (2014a) found IHP having the greatest adsorption amount on amorphous 
Al(OH)3 compared with other organic P as a result of surface complexes converting into surface 
precipitates. During IHP adsorption, zeta potential of Al(OH)3 first turned from + 40 mV to -28 
mV and then altered to +36.7 mV close to that before the adsorption. This phenomenon could be 
explained by a transformation of surface complexes to surface precipitates, leading to a significant 
reduction of surface negative charges. 
Ruyter-Hooley et al. (2015) argued that two inner-sphere and one outer-sphere 
complexations occurred during IHP sorption on gibbsite: the inner-sphere complexation included 
either one or three phosphate groups of IHP reacting with gibbsite, where the one related with 
three surface sites was regarded as surface precipitation and the outer-sphere complexation was 
best described as IHP interacting with two positively charged gibbsite surface charges. At pH 3-
13, inner-sphere complexation or surface precipitation dominated at lower pH and when at higher 
pH, over 50% of sorption occurred as outer-sphere complexation. When adding 0.075 mM IHP to 
the 1000 m2/L gibbsite suspension, almost all IHP was sorbed from pH 3.5 to 10.5 and the sorbed 
fraction decreased significantly above pH 10.5.  
Yan et al. (2015) found that the size of the adsorbent nano-(hydr)oxides (in this experiment, 
γ-Al2O3) had an effect on IHP, phosphate sorption: the larger the nanoparticle was, the smaller was 
the maximum sorption at a certain pH and the effect of size was more pronounced on IHP. Three 
sizes of γ-Al2O3 were used (5 nm, 35 nm, and 70 nm) and although all particles had a stronger 
affinity for IHP, the sorption trends for both substances were similar: 5nm-sized particles had the 
largest maximum sorption and the relatively larger particles had smaller ones, which could likely 
be attributed to decreased crystallization rather than the sole decrease in specific surface area with 
decreasing particle size. Moreover, for 35 nm-, or 70 nm-sized particles, the predominant sorption 
mechanism was inner-sphere surface complexation, while for 5 nm-sized particles, surface 
precipitation of aluminum phytate also occurred especially at low pH. 
Shang et al. (1992) found that the adsorption maximum for IHP by hydrated Al oxides was 
at pH=3.5-4.5. When pH increased from 4.5 to 5.5, the adsorption of both Pi and IHP by Al 
precipitates decreased significantly, while increasing pH from 5.5 to 6.5 seemed to have a smaller 
effect on Pi adsorption and had little effect on IHP adsorption. Inositol hexaphosphate was 




1.4.3.5 Organic matter in Soils 
Generally, IHP can interact with organic matter in three ways: physical or chemical 
incorporation; direct adsorption to the organic matter surface; and adsorption via metal bridges 
(Celi and Barberis, 2007). 
Jørgensen et al. (2015) investigated IHP adsorption behavior in soils from three systems: 
tropical paddy soil, temperate grasslands, and temperate rainforest. The results showed that IHP 
was mainly adsorbed on amorphous metal (hydr)oxides and clay in grasslands and forest rather 
than on crystalline metal (hydr)oxides, which was probably due to amorphous metal (hydr)oxides’ 
relative strong affinity for IHP and large surface area. In contrast, IHP in strongly weathered 
tropical soils was more associated with organic matter, indicating that IHP could associate with 
organic matter even in acidic soils high in amorphous Fe, and Al. 
Borie et al. (1989) concluded that organic matter associated IHP was predominant in the 
organic P pool in volcanic soils of temperate regions with humic acid-bound IHP accounting for 
51%-68% of organic P and fulvic acid-bound IHP for 15-29%. The most likely mechanism was 
Fe/Al serving as binding bridges and this type of association was reported to be very stable. 
 
1.4.4 Precipitation 
Phosphorus can form precipitates with minerals in the soils and it’s attributed to solution-
precipitation processes (Kittrick and Jackson, 1956). The precipitation normally includes co-
precipitation of dissolved metal ions with soluble P ions in the bulk solution and formation of 
surface precipitates. 
The co-precipitation has been widely investigated decades ago and opinions regarding if P 
precipitates occur under common soil conditions are mixed. Kittrick and Jackson (1955) 
investigated phosphate sorption (1 mol/L) on Fe oxides and Al thin hydroxides and found 
formation of phosphate precipitates within a few minutes at room temperature after the reaction 
(pH 4.3 and 7). However, their later experiment (Kittrick and Jackson, 1956) showed that even 
under extreme temperature (90ºC), it would take days to detect newly formed crystalline phosphate 
phases with minerals like kaolinite and greenalite. Jonasson et al. (1988) found a small proportion 
of tinticite [Fe6(PO4)4(OH)6∙7H,O] during an adsorption experiment between dilute phosphoric 
acid (1 mmol/L) and goethite at pH 3 after reacting for 18 days which made the results more close 
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to the real thermodynamics equilibrium. Nanzyo (1986) investigated phosphate sorption on 
amorphous Fe hydroxides and made a comparison with that on goethite under acidic pH (2.3-4.9). 
Binuclear surface complexes predominated on goethite surface, while the most part of sorbed 
phosphate occurred as amorphous iron phosphates after reaction with amorphous Fe hydroxides. 
Such difference could be a result of differences in minerals’ capacity to occlude phosphate. On 
amorphous iron hydroxide surface, adsorbed phosphate further reacted with another reactive site 
probably induced by acid-catalyzed hydrolysis of (Fe)-OH-(Fe) linkage. Then, the adsorbed 
phosphate became occluded, thus making those phosphates surrounded by Fe. 
In recent decades, more and more researchers have observed surface precipitation of 
phosphate on Fe/Al mineral surfaces (Persson et al., 1996; Nooney et al., 1998; Kim and 
Kirkpatrick, 2004; Wang et al., 2015). For example, Nooney et al. (1998) stated that for thin film 
hematite, phosphate was initially adsorbed to form the first layer and later precipitated as islands. 
Li and Stanforth (2000) observed a P/Fe mole ratio of 0.25 during phosphate adsorption on goethite, 
indicating that one phosphate was bound to four Fe atoms, which was so high that surface 
precipitation must have formed. When the transition from adsorption to precipitation occurred, the 
surface phosphate coverage increased linearly with decreasing pH from 6.5 to 3.5 and remained 
constant until pH 2.5. Persson et al. (1996) explained the slight pH dependence of phosphate 
sorption behavior on hematite as a result of the coexistence of surface adsorption and precipitation. 
One possible reason for the precipitation was that grinding caused outermost surface layer 
distortion, leading to an increase in free Fe3+, which was attributed to formation of Fe-P 
precipitates. 
The mechanism of surface precipitation brought up by Ler and Stanforth (2003) was a two-
phase process including four steps: (i) orthophosphate was initially adsorbed on the goethite 
surface; (ii) the adsorbed phosphate acted as sorption sites for dissolved Fe3+ ions in the solution, 
hence the formation of ternary complexes (surface precipitation); (iii) decreased concentration of 
Fe3+ in the solution caused goethite dissolution to replenish Fe ions and these ions continued to 
sorb on phosphate; (iv) the sorbed Fe3+ ions in turn associated with more phosphate in the bulk 
solution, forming surface precipitation. Ler and Stanforth (2003) added Fe ions to phosphate- 
adsorbed goethite surfaces and observed that dissolved Fe formed ternary complex/surface 
precipitate with P and stated that with precipitating Fe ions in the bulk solution, they would adsorb 
on the surface to form ternary complexes and further sorb additional P. The increase in goethite 
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surface zeta potential proved that the dissolved Fe ions from goethite precipitated with adsorbed 
P.  
As seen in the interaction of phosphate with metal (hydr)oxides, IHP can undergo similar 
mineral-water interfacial reactions. Heighton et al. (2008) measured kinetic constants of ferric and 
ferrous phytate formation, which indicated that ferrous phytate formed more rapidly and 
dissociated at a slower rate than ferric phytate. The experiment results also showed that ferric 
phytate was more insoluble than ferrous phytate at environmentally relevant pH (4, 6, and 8). 
Wang et al. (2017) used differential pair distribution function analysis and found that with pH 
decreasing from 8 to 3 and the concentration of P increasing from 2 mmol/L to 15 mmol/L, P-Fe 
peak position of orthophosphate and phytate shifted towards amorphous FePO4, and amorphous 
Fe-phytate, respectively, indicating transformation of surface complexes to surface precipitates. 
The authors stated two possible mechanisms for the formation of precipitates: precipitation of 
released Fe(III) with sorbed P at the mineral surface, which might dominate at pH 5 and 7 because 
of the low dissolution of ferrihydrite; precipitation of dissolved Fe(III) with soluble P in the bulk 
solution, which occurred simultaneously with the first mechanism at pH 3. Within the mineral-
water interface, formation of P-released Fe(III) ternary complexes, most likely as (≡Fe-O)2-PO2-
Fe, and pre-nucleation clusters that later turned into precipitations occurred after surface complex 
formation. Yan et al. (2014a) observed inner-sphere complexation of IHP in amorphous aluminum 
hydroxide and later the formation of ternary complexes with adsorbed IHP serving as sorption 
sites for dissolved Al3+, which then transformed to surface precipitates via polymerization or 
condensation. Experiment results also showed that higher IHP concentrations and low pH favored 
faster transformation towards precipitate formation. At pH 7, the dominant process was inner-
sphere complexation with minimal surface precipitation, while at pH 3.5, the 31P NMR spectrum 
was highly similar to that of Al phytate. Li et al. (2013b) also reported that a small amount of 
AlPO4 precipitates together with a majority of inner-sphere adsorption occurred on α-Al2O3 surface 
and the number of surface precipitates increased with decreasing pH. Evans and Martin (1991) 
reported lower stability of Fe(III)-phytate compared with Al(III)-phytate at metal: phytic acid mole 
ratio of 4:1, indicating that Al(III)-phytate would more easily precipitate at lower pH. Moreover, 
the authors suggested that insoluble complexes of Al(III)-phytate could form at any mole ratio and 
even at pH as low as 2.4. 
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Precipitation of Ca (hydr)oxides and P and IHP has also been recognized by several 
researchers (e.g. Celi et al., 2000; Prietzel et al., 2016; Wan et al., 2016).  For example, Prietzel et 
al. (2016) found that adsorbed IHP was two to six times more extensive than for orthophosphate 
and attributed this difference to surface precipitation between IHP and calcite. The P K-edge 
XANES spectrum of retained P by calcite was similar to that of Ca phytate. Also, Ca2+ can 
precipitate with phosphate to form octa-calcium phosphate (Barrow et al., 1980). Celi et al. (2000) 
investigated the interaction between IHP and calcite with phosphate as a reference. For phosphate, 
the adsorption isotherm showed that at Ce > 6×10-4 M, surface precipitation occurred with 
nucleation and crystal growth, which accounted for a sharp increase in sorption. As for IHP, the 
sorption process consisted of Ca complexation and calcite dissolution which resulted in 
precipitation of Ca3-IHP even at low IHP concentration. The particle size increase of phosphate 
calcite occurred when surface precipitation started. However, great particle size increase was 
observed at low IHP concentration, indicating that adsorption and precipitation between IHP and 
calcite were simultaneous at any IHP concentration. Wan et al. (2016) compared phosphate and 
IHP sorption on calcite surface and observed that the concentration of dissolved Ca2+ decreased 
with increasing phosphate while it increased with increasing IHP. One possible reason was that 
phosphate formed precipitates with Ca2+, whereas IHP first formed soluble complexes before 
precipitation with Ca2+. Surface complexes and precipitates coexisted during IHP-calcite 
interaction, and with longer reaction time, calcium-phytate-like precipitation became dominant. 
Both processes were found to be facilitated with higher IHP concentration and a similar amount 
of phosphate and IHP were sorbed at pH 8.5.  
 
1.5 Research Justification 
Phosphorus loss from soils to receiving waters can cause serious environmental problems 
like eutrophication. Among different P forms moving in soils, Colloid-facilitated P transport has 
drawn increasing attention as a result of colloid’s large specific surface area, thus a strong ability 
to sorb orthophosphate and organic P (e.g. IHP) (e.g. Turner et al., 2002; Jiang, 2016).  
Colloidal P has been reported to account for a large proportion of P loss in agricultural 
systems as well as in forest soils (e.g. Ulén, 2003; de Jonge et al., 2004; Liu et al., 2014; Missong 
et al., 2016). Phosphorus loss generally occurs by two pathways, surface runoff (e.g. Turner et al., 
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2004a; Liang et al., 2016) and subsurface flow (e.g. preferential flow or artificial drainage pipes) 
(Stamm et al., 1998; Sharma et al., 2015). Surface runoff was mainly investigated in arable lands 
and grasslands. In arable lands, MRP seems to be a major component in surface runoff after rainfall 
events and significant proportions of colloidal MRP have been reported (e.g. Hu et al., 2013). In 
grasslands under pasture, higher concentrations of colloidal P was detected as a result of natural 
manure application (e.g. Preedy et al., 2001). As for subsurface flow, it can be of great importance 
when P concentration is already high, or soil P sorption capacity is low, or the soil condition favors 
preferential flow via macropores or artificial drains (e.g. Hens and Merckx, 2001; McDowell and 
Sharpley, 2001). While surface runoff is primarily studied in arable lands and grasslands, 
subsurface flow has been additionally investigated in forest systems. Several leaching column 
experiments have mentioned the “first flush” phenomenon which suggested risks of large 
quantities of colloidal P leaching if irrigation is stopped and resumed after some time (e.g. 
Motoshita et al., 2003; de Jonge et al., 2004). Large proportions of colloidal P were observed in 
soil extracts in different soil depths. Several factors can affect colloidal P transport and distribution, 
including soil depths, fertilization regimes, etc. (e.g. Rhea et al., 1996; Zang et al., 2011). For 
example, spreading slurry on wet soils may result in great P losses in a short time (McGechan et 
al., 2002).  
Phosphorus-enriched colloids in soils often contain metal (Fe, Al, Ca, Mg, etc.) 
(hydr)oxides and organic matter (Kretzschmar et al., 1999; Henderson et al., 2012). In acidic soils, 
Fe (hydr)oxides are critical for orthophosphate retention, and amorphous Fe (hydr)oxides have 
been reported to have higher orthophosphate sorption capacity than crystalline ones (Anderson et 
al., 1974). As it’s been highlighted in many research, reaction conditions (e.g., pH, P 
concentrations) have a significant effect on P sorption (Arai and Sparks, 2001; Tejedor-Tejedor 
and Anderson, 1990).  
After surveying the literature, it became clear that 1) both inorganic- and organic-P species 
are present in soil colloids and 2) P soil colloids are high in Fe. Iron enrichment might suggest the 
presence of adsorbed inorganic and organic P in iron (oxyhydr) oxide or co-precipitated inorganic 
and organic P with iron oxyhydroxides. Both scenarios can explain P enrichment in soil Fe colloids. 
While the role of orthophosphate was extensively investigated in the area of Fe soil/geochemistry, 
it is not clear how organic P species are adsorbed on Fe oxyhydroxide surfaces and/or co-




1.6 Research Hypothesis 
 
1. Organic-P (e.g., phytic acid) can be strongly adsorbed by iron oxyhydroxide.  
 
2. Phytic acid can co-precipitate with Fe polymers to form P-enriched Fe colloids.  
 
1.7 Research Objective 
 
To test the hypotheses, the following objectives were set. They are to: 
1. Investigate the adsorption mechanisms of phytic acid on amorphous Fe hydroxide, and  
 
2. Investigate the effects of phytic acid on the formation of amorphous Fe hydroxide
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1.8 Table  
 









Soil texture and 
pH 
Vegetation Colloidal P con. Colloid size 






n.a. 1. Sand 
85% sand ( > 63 
µm), 5% silt 10% 





barley, sugar beet 
2. Winter cereal 
n.a. n.a. 














1. Coarse silty 
loam (8.0-8.1) 
2. Fine silty loam 
(8.1) 
3. Fine sandy 
loam (7.7) 
n.a. 1. 0.5-3.1 µmol l-1 
2. 0.2-1.5 µmol l-1 
3. 0.3-0.7 µmol l-1 
of MRP 
1 nm-1 µm 












Purple soil and 
paddy soil 
7.9-8.1 
Paddy, maize 9.39-31.78 kg/m2 n.a. 
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Soil texture and 
pH 




Liang et al. 
(2016) 
Samples paddy 








phosphate     
26 kg P/ha 
3. calcium 
super-
phosphate     









Rice oilseed rape 
rotation 
0.56 
2.78, 4.46 5.91 
mg/m2 





Of TP in runoff 
1 nm-1 µm 




















Soil texture and 
pH 












































kg P/ha yr 
1. Loam to clay 
loam 
2. Sand to sandy 
loam 
1. Subterranean 
clover and annual 
ryegrass 
1. 0.07 kg P/ha yr 

















Soil texture and 
pH 



































n.a. 0.22-2.3 mg/L of 
TP 
<10 kDa 










29 kg P/ha 
Noncalcareous 
clay 
n.a. 1. 125 µg/L 
















Soil texture and 
pH 
Vegetation Colloidal P con. Colloid size 








n.a. silty clay loam 
6.11 ± 0.03 
coniferous trees: 
Norway spruce 
and Sitka spruce 
2 µg/L 10 µg/L 2-20 nm 
21-300 nm 
Ulén (2003) Collecting surface 









1. pHsoil: 6.4±0.1 
2. pHsoil: 6.3±0.1 
1. One plot: 
undersown with 
timothy and red 
clover; main crop 
was spring barley 
2. The other plot: 
being ploughed 
1. 0.153 mg/L 
2. 0.127 mg/L 
n.a. 





































Soil texture and 
pH 
Vegetation Colloidal P con. Colloid size 
















1. pH (H2O)=5.40 





1. 6.87 mg/kg 
2. 20.3 mg/kg 
<1 µm 

























Soil texture and 
pH 




0.17-0.99 mg P L-1 
























sand and sand 
CaCl2 pH=4.46 
and 4.61 





Using model to 






1. Silty clay loam 
2. clay loam 
1. Perennial grass 
2. Cereals 
1. increased from 
30 to 70mg/m2 ; 
from 10 to 120 
mg/m2; 0 to 20 
mg/m2 
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Chapter 2: Functional Group Specific Phytic Acid Adsorption at Ferrihydrite-Water 
Interface 
2.1 Abstract 
Phytic acid, as the dominant organic phosphorus species in soils, always preferentially 
adsorbs on Fe/Al minerals. In this study, adsorption mechanisms of phytic acid at the ferrihydrite-
water interface were investigated as a function of pH using batch adsorption experiment, zetasizer, 
and solution 31P nuclear magnetic resonance spectroscopy (NMR). With increasing [phytic acid] 
from 0 to 50 μM, zeta potential decreased from ~+20 mV to ~ -40 mV, and isoelectric point 
decreased from ~8.5 to <5. The phytic acid adsorption envelope showed that i) adsorption 
decreased with increasing pH from 5-9 and ii) adsorption was enhanced with increasing ionic 
strength. These macroscopic data were supported by the in-situ spectroscopic data of inner-sphere 
complexation of phytic acid at the ferrihydrite surfaces. The results of solution 31P NMR showed 
the preferential affinities of different phosphate functional groups towards the adsorbent at pH 5 
and 8.5 as evidenced by the changes in chemical shifts of the four major reactive phosphate groups. 
Furthermore, deconvoluted peaks of these functional groups showed that P1, P2, and P3 were the 
most active functional groups and the contribution of P5 appeared to be at more alkaline pH.  
 
2.2 Introduction 
Organic phosphorus (P) takes up 20%-80% of total soil P and can make up to 90% in 
organic-rich soils (Dalal, 1977; Harrison, 1987). Inositol phosphates have been reported to be the 
most abundant organic P in soils, accounting for over 50% of the organic P pool (Anderson, 1980; 
Harrison, 1987). Among all species in inositol phosphates, myo-inositol hexaphosphate namely, 
phytic acid (C6H18O24P6) (Fig.2.1), is usually the dominant one in soils (Anderson and Malcolm, 
1974). The phytic acid molecule has six phosphate functional groups. The dominance of phytic 
acid in soils is attributed to its preferential adsorption by soil minerals, especially Fe/Al 
(oxyhydr)oxides, and/or organic matter, compared with other organic P species (Leytem et al., 
2002; Turner et al., 2002; Johnson et al., 2012; Ruyter-Hooley et al., 2015).  
It is well known that total P accumulation is correlated to the amount of amorphous Fe/Al 
(oxyhydr)oxides in acidic soils (Anderson et al., 1974; Beauchemin et al., 2003; Henderson et al., 




present or even important in neutral to calcareous soils (Ryan et al., 1985; Beauchemin et al., 2003). 
Such adsorption of P to soil minerals is thus one of the most important factors controlling the 
concentration of P in soil solutions. 
Adsorption reactions of inorganic and organic P species in soil minerals have often been 
investigated in a binary system (i.e., an adsorbate and an adsorbent). Multi-nuclear inner-sphere 
surface complexes of phosphate on metal (oxyhydr)oxides is a wildly accepted knowledge 
(Atkinson et al., 1974; Tejedor-Tejedor and Anderson, 1990; Arai and Sparks, 2001; Elzinga and 
Sparks, 2007; Antelo et al., 2010; Wang et al., 2013). As for phytic acid, only limited amount of 
experiment has been conducted. The same adsorption mechanism of inner-sphere complexation of 
average phosphate functional groups was proposed (Ognalaga et al., 1994; Guan et al., 2006; Xu 
et al., 2017a). Moreover, depending on characteristics of solid surfaces, several out of six 
phosphate functional groups are associated with the mineral surface, which facilitates the 
formation of more stable surface complexes (Ognalaga et al., 1994; Celi et al., 1999; Yan et al., 
2014). However, the proposed number of phosphate functional groups involved in binding with 
minerals is all based on the molar ratio of phosphate and phytic acid (Ognalaga et al., 1994; Celi 
et al., 2003; Giaveno et al., 2008; Yan et al., 2014) and the preference and or contribution of  
different phosphate groups to the adsorption processes is still not clear. 
There has been increasing use of 31P Nuclear magnetic resonance (NMR) to investigate the 
phytic acid adsorption mechanism on Al and Fe (oxyhydr)oxides. Most researchers have used 
solid-state ex-situ NMR (Mali et al., 2006; Kim et al., 2011; Ruyter-Hooley et al., 2015). Because 
the technique gives only one peak representing phytic acid, it is difficult to understand the 
contribution of different phosphate groups in the complexation mechanisms.  
To understand the adsorption mechanisms of inorganic and organic P species, in-situ 
experiments using solution 31P NMR is scarce (Šala et al., 2011; Veiga et al., 2015). However, by 
comparing chemical shifts or T1 relaxation time of a peak of each P functional group, preferential 
affinities of different P groups towards the adsorbent could be deducted. Accordingly, solution 31P 
NMR was used in this study to investigate the phytic acid adsorption mechanism at the ferrihydrite-
water interface as a function of [phytic acid], ionic strength, and pH. The two-line ferrihydrite was 
chosen because (i) ferrihydrite is ubiquitous in soils; (ii) ferrihydrite has large adsorption capacity 




agrogeochemical cycles in the environment. Experimental geochemistry was carried out using 
batch adsorption experiments, solution 31P NMR, and Zetasizer. 
 
2.3 Materials 
Two-line ferrihydrite was synthesized in an open atmosphere according to the method 
described by Schwertmann and Cornell (2000). Forty grams of Fe(NO3)3 ∙ 9H2O (Thermo Fisher 
Scientific, Waltham, Massachusetts, U.S) was dissolved in 500 mL ultrapure water and pH of the 
solution was brought up to 7-8 using 1M sodium hydroxide (Thermo Fisher Scientific, Waltham, 
Massachusetts, U.S). Then the solution was dialyzed in an RC dialysis tubing MWCO 1kD 
(Spectrum Laboratories, Waltham, MA, U.S.) for 7-10 days before use. All reagents used were 
American Chemical Society (ACS) grade and all solutions were prepared using ultrapure water. 
 
2.4 Methods 
2.4.1 Phytic acid analysis 
Phytic acid was analyzed according to the spectrophotometric method described by 
Agostinho et al. (2016). To make a standard curve, phytic acid (Sigma-Aldrich, St. Louis, MO, 
U.S.) stock solution was prepared in 50 mg/L and the concentrations of phytic acid standards were 
0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 10 mg/L. Calcium chloride (Fisher Scientific, Hampton, NH, U.S.) 
solution was prepared in 0.09 mM and the glyoxal bis(2-hydroxyaniline) (GBHA, Frontier 
Scientific, Logan, UT, U.S.) solution was prepared in methanol (Fisher Scientific, Hampton, NH, 
U.S.) at 4.16 mM. The borate buffer solution was prepared with 25 mM of sodium tetraborate 
(Strem Chemicals, Newburyport, MA, U.S.), 0.125 M of sodium hydroxide and 1mM of cetyl 
trimethyl ammonium bromide (CTAB, VWR International, Radnor, PA, U.S.). The organic 
solvent solution was prepared in a methanol and ethanol mixture (Fisher Scientific, Hampton, NH, 
U.S.) in the volume ratio of 7:3, respectively. A 1 mL of calcium chloride solution, 0.2 mL of 
glyoxal bis(2-hydroxianiline) (GBHA)  solution, 1 mL of the buffer solution, 1mL of the phytic 
acid standard, 1.8 mL of the organic solvent solution were mixed to make a final volume of 5 mL. 




both calcium solution and phytic acid containing sample with ultrapure water or corresponding 
sodium nitrate solutions and the other one only replacing the phytic acid sample.  
 
2.4.2 Zeta potential and size distribution measurement 
Zeta potential and the particle size distribution of ferrihydrite and phytic acid-reacted 
ferrihydrite were measured using a Zetasizer (Malvern Instruments, Malvern, U.K.). The dialyzed 
ferrihydrite was used to prepare a stock mineral suspension at 0.5 g/L in 0.01 M sodium nitrate 
and then the stock suspension was shaken on a reciprocal shaker at 18 rpm for 24h. Different 
amount of 100 µM phytic acid stock solution with 0.01 M sodium nitrate was mixed with the 
ferrihydrite stock suspension to achieve final phytic acid concentrations of 2, 10, 25 and 50 µM, 
and the final ferrihydrite concentration of 0.1 g/L to meet the measuring criteria for Zetasizer. The 
final volume of all samples was brought up to 10 mL. Before phytic acid addition and pH 
adjustment, each sample was ultrasonified for 20s at 20 kHz. pH values were adjusted to 5-10 
using 0.01-1 M sodium hydroxide and 0.05-0.1 M nitric acid in the same ionic strength.  
 
2.4.3 Ionic strength effects on phytic acid adsorption envelope 
The effects of ionic strength (0.001 M and 0.01 M sodium nitrate) on phytic acid adsorption 
in ferrihydrite were investigated in triplicates. Different amounts of 2 mM stock phytic acid 
solution were added to 0.1 g/L ferrihydrite suspension to achieve the initial concentration of 100, 
250, 500 µM in the final volume of 30 mL. All solutions were prepared in two different ionic 
strength background solutions. pH values were adjusted to 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0 
by adding 0.01-0.5 M nitric acid and 0.01-0.5 M sodium hydroxide. The tubes were shaken on an 
end-over shaker at 18rpm for 24hrs. The suspensions were then filtered through 0.2 µm 
polyvinylidene fluoride (PVDF) syringe filters (Thermo Scientific, Waltham, MA, U.S.) and the 






2.4.4 Solution 31P NMR measurement 
 In this study, the solution 31P NMR was used to understand the surface complexation 
mechanism of phytic acid in ferrihydrite in the presence of water. Because a few literature 
suggested the presence of outer-sphere complexation of phytic acid in iron oxyhydroxides 
(Johnson et al., 2012), therefore it is important to conduct the in-situ measurements. The P K-edge 
X-ray absorption near edge structure spectroscopy (XANES) and Fourier transform infrared 
spectroscopy (FTIR) provide the average signal from all of phosphate functional groups of phytic 
acid, these techniques are not suited to assess the functional group specific complexation of phytic 
acid on the mineral surfaces.  
Unlike other spectroscopic techniques such as P XANES and FTIR, the excess adsorbent 
mass of ferrihydrite was unable to use in the P NMR due to the paramagnetic interference of Fe(III). 
For this reason, the preliminary experiments were conducted to estimate the minimum quantity 
ferrihydrite in the system that gives good spectra quality. It was found that 0.1g/L of ferrihydrite 
was a suited solid solution ratio for the system containing 100-500 µM of phytic acid.  
It is also important to note that the NMR signal was originated from the homogenized 
phytic acid reacted ferrihydrite suspension. To assure the stability of suspended ferrihydrite 
particles, the distribution of particle size was measured in the NMR samples before and after the 
NMR measurements using a Zetasizer unit. Table 2.1 showed that the particle size distribution of 
ferrihydrite with 500 µM of phytic acid. The 500 µM condition was chosen because it has the 
highest ionic strength (10 mM) of all conditions, and the compressed double layer at the colloid-
water interface could potentially facilitate the flocculation and then settling them to the bottom of 
an NMR tube causing the artifact. However, changes in the particle size distribution before and 
after the measurements were not significant (pH 5.2: 0.86% and pH 8.33: 0.64%), suggesting the 
excellent colloidal stability of the ferrihydrite suspensions during the NMR measurement. The 
sedimentation should not affect the results. All signals were originated from 1) complexed phytic 
acid on the ferrihydrite surface and 2) uncomplexed phytic acid in the solution. 
     Phytic acid-only solution samples as well as phytic acid sorbed ferrihydrite samples were 
prepared in 0.001M sodium nitrate. Initial concentrations of phytic acid were 100, 250, and 500 
µM. The suspension density of ferrihydrite was 0.1 g/L. Prior to phytic acid addition, ferrihydrite 




were recorded using a Varian Unity Inova 600 MHz NMR instrument (Varian, Palo Alto, CA, 
U.S.) with a 10 mm Varian 15N-31P Broadband probe. All data were recorded at 25oC. All 
chemical shift data were reported with respect to 85% H3PO4 (0ppm). A field lock was achieved 
by adding D2O with a D2O:sample volume ratio of 1:9. Depending on the phytic acid concentration, 
NMR measurement time ranged from 40 min. to about 6 hrs.  
 
2.4.5 Deconvolution of 31P NMR spectra 
As previously mentioned, the excess quantity of ferrihydrite was unable to use due to the 
paramagnetic nature of Fe(III). It was not possible to achieve 100% loading level of phytic acid in 
ferrihydrite. In all samples, therefore, uncomplexed phytic acid and complexes phytic acid in 
ferrihydrite are present. Hence a peak deconvolution was necessary to interpret the data. The 31P 
NMR spectra were deconvoluted using Origin Pro 2017. The resonance line shape chosen was all 
Gaussian. All spectra were deconvoluted with peak positions of uncomplexed phosphate groups 
fixed with respect to the phytic acid-only spectra. 
 
2.5 Results and Discussion 
2.5.1 Zeta potential measurements 
The effects of pH and [phytic acid] on zeta potentials of ferrihydrite suspensions are shown 
in Fig.2.2. It is important to note that 100% of adsorption is achieved in all samples. Therefore, 
the changes in zeta potential should be attributed to the surface complexation of phytic acid. With 
six phosphate groups per phytic acid molecule and hence a high charge density, adsorption of 
phytic acid should effectively decrease the zeta potential if more than one P functional group is 
contributing to the adsorption (Xu et al., 2017a). In the absence of phytic acid, isoelectric point 
(IEP) of ferrihydrite is approximately 8.5, which is slightly higher than the values of fresh 
ferrihydrite (8.00±0.02) reported in the literature (Arai and Sparks, 2001; Kosmulski, 2009). 
However, ferrihydrite with higher IEP has also been reported and some studies have aged their 
samples for a few days to weeks (Antelo et al., 2010; Spadini et al., 2003; Wang et al., 2013). An 
increase in the IEP of ferrihydrite might be a result of smaller size fraction of singly-coordinated 




(Hiemstra and Van Riemsdijk, 2009; Antelo et al., 2010). With increasing pH, the zeta potential 
of ferrihydrite decreased. When [phytic acid] increases from 2 to 10 µM, IEP is lowered from 7.6 
to ~6. The isoelectric point further lowered to <5 when [phytic acid] >10 µM. Higher phytic acid 
concentration leads to more adsorption, conveying more negative charges to the ferrihydrite 
surface. Such trend is consistent with the past research that investigated the phytic acid adsorbed 
in iron minerals (Ognalaga et al., 1994; Celi et al., 1999; Giaveno et al., 2008; Yan et al., 2014). 
The shift in the zero-zeta potential values in colloids are indicative of an inner-sphere complexation 
occurring in the shear plane (Hunter, 1981). The effects of phosphates adsorption in iron 
oxyhydroxides on zeta potential have been wildly discussed (Nilsson et al., 1992; Li and Stanforth, 
2000; Celi et al., 2001; Ler and Stanforth, 2003; Xu et al., 2017b). The phosphate adsorption is 
known to decrease the zeta potential of ferrihydrite. Like phosphate, such inner-sphere complexes 
are forming via the ligand exchange reaction between the phosphate group of phytic acid and 
hydroxyl groups on the ferrihydrite surface (Barrow et al., 2015; (Ognalaga et al., 1994). Our 
findings of inner-sphere adsorption of phytic acid in ferrihydrite agree with the results of other 
investigations in the similar binary systems (Ognalaga et al., 1994; Yan et al., 2014). 
 
2.5.2 Effects of phytic acid on the particle size distribution of ferrihydrite  
The particle size distribution of ferrihydrite as a function of [phytic acid] and pH is shown 
in Fig.2.3. In the absence of phytic acid, the particle size increased from ~1000 to ~6000 nm with 
increasing pH from 5 to ~8.5. The flocculation at near IEP (8.5) is arising from diminished charge 
repulsion between particles (i.e., near zero zeta potential). The addition of 2 µM phytic acid does 
not significantly alter the particle size distribution. However, the addition of 10 µM [phytic acid] 
shifts the maximum particle size distribution (~4,900 nm) to pH 5.7. Furthermore, the pH value of 
the maximum particle size decreases to ~5 when the system contains 25 µM of phytic acid. When 
[phytic acid] increases to 50 μM, the particle size distribution is further decreased to <1000 nm at 
pH 5-9, indicating the colloidal dispersion. As discussed in the zeta potential section (Fig.2.2), the 
zeta potential of ferrihydrite under the same condition (-40 to -30 mV) (Fig 2) facilitates the charge 




Understanding an increasing particle size, it should also be noted that the particle bridging 
effect by ligands. A few phosphate functional groups of a phytic acid molecule can bring two or 
more particles together via inner-sphere adsorption, causing the flocculation. The particle bridging 
effect has been reported in the phosphate reacted iron oxide systems (Parfitt and Atkinson, 1976; 
He et al., 1996; VandeVoort et al., 2013; Xu et al., 2017b). For example, Anderson et al. (1985) 
stated that goethite adsorbed phosphate had a bridging effect which enhanced goethite aggregation.  
 
2.5.3 Effects of ionic strength on phytic acid adsorption envelope 
Phytic acid adsorption as a function of both ionic strength (0.001-0.01 M) and pH is shown 
in Fig.2.4. In general, the adsorption of phytic acid increases with decreasing pH from 9 to 5. This 
is due to the development of negatively charged surface at pH <IEP of ferrihydrite (~8.5) that 
attract anionic species like phytic acids. However, the pH-dependent characteristic becomes 
smaller with decreasing [phytic acid]initial from 500 to 100 µM. This is attributed to near 100% 
adsorption of phytic acid in the 100 µM system. The effects of ionic strength are observed in each 
set of [phytic acid]. The adsorption is greater in a higher ionic strength at pH 5-8 and a difference 
in adsorption in two ionic strengths in a respective [phytic acid] becomes small. The similar ionic 
strength effects on phosphate adsorption in iron (oxy)hydroxide have been reported by several 
researchers (Antelo et al., 2005; Arai and Sparks, 2001; Barrow et al., 1980; Rahnemaie et al., 
2007). The observation in this study agrees with Yan et al. (2014)’s finding that phytic acid 
adsorption on hematite was promoted with increasing ionic strength through pH 3-10. Such a 
positive correlation was attributed to an increase in the screening of the surface that was induced 
by an increase in ionic strength, which resulted in the lowering of the absolute value of the electric 
potential. Since the ferrihydrite surface is negatively charged under the high concentration of 
phytic acid (100-500 µM) (Fig 1), the decrease in the surface electric potential lead to a decreased 
in charge repulsion between the ferrihydrite surface and phytic acid molecules , thus favoring the 
adsorption process (Barrow et al., 1980; He et al., 1997; Hiemstra and Van Riemsdijk, 1999; 
Antelo et al., 2005; Rahnemaie et al., 2007; Antelo et al., 2010; Yan et al., 2014).  
Furthermore, an increase of ionic strength decreases pKa values of a phytic acid molecule 




when the ionic strength was lowered under the same pH value. The change in speciation could 
potentially affect the adsorption of phytic acid at the mineral-water interface.  
Although the in-situ adsorption mechanisms of phytic acid in iron minerals have not been 
extensively investigated (Ognalaga et al., 1994; Xu et al., 2017a), one can expect the inner-sphere 
complexation of phytic acid through the ligand exchange reaction of phosphate functional groups. 
Several studied have previously suggested the inner-sphere complexation of phosphate on 
ferrihydrite surfaces (Arai and Sparks, 2001; Rahnemaie et al., 2007; Antelo et al., 2010).  
 
2.5.4 Phytic acid aqueous speciation under pH 5 and 8.5 
31P NMR and potentiometric methods have been wildly used to investigate the acidity 
constants of phytic acid (Barre et al., 1954; Emsley and Niazi, 1981b; Bebot-Brigaud et al., 1999; 
Šala et al., 2011; Costello et al., 1976; Isbrandt and Oertel, 1980; Brigando et al., 1995; Crea et al., 
2008). With minor differences in the exact pKa values due to the experiment conditions, all 
potentiometric results were similar. For a fully protonated phytic acid molecule, six out of the 
twelve protons are strongly acidic (pKa1-6 ranging from <1.5-3), and two are moderately weakly 
acidic (pKa7 and 8 around 6-7), and the rest four protons are very weak (pKa9-12 >9). The most 
acidic protons are believed to be the ones from P2, P5 (Fig.2.1), as they are more exposed to the 
bathing solution and undergoes the strongest interaction with water molecules, and from P1,3 
(Brigando et al., 1995), and the weakest four protons were presumed to be those involved in 
hydrogen bonds (Costello et al., 1976). According to Emsley and Niazi (1981)’s conclusion, the 
order of the six most acidic proton dissociation from fully protonated phytic acid is from P1 and 
P3 (Fig.2.1) at pH 1.5-2, P4 and P6 (Fig.2.1) at pH 2-2.5, P2 at pH 2.5, P5 at pH 3-5. Then the 
other proton on P5 dissociates at pH 6 followed by one from P2 at pH 7, one from either P4,6 at 
pH 8, two from both P1 and P3 at pH 9.5, and the last one from either P4,6. 
With sodium as a counter-ion, acidity constants were only found in an ionic strength as low 
as 0.1 M, and with decreasing ionic strength, pKa values will increase (Crea et al., 2008). At pH 
5, the following reactions and acidity constants are proposed: 





H6(phytic acid)6- ⇌ H+ + H5(phytic acid)7-                                                                                                                                     
pKa7=5.17 
Therefore, the major phytic acid species was H6(phytic acid)6- under our experiment condition at 
pH 5, where for all the phosphate groups, one out of two protons was detached. 
At pH 8.5, the following reactions and acidity constants are proposed: 
H5(phytic acid)7- ⇌ H+ + H4(phytic acid)8-                                                                                     
pKa8=6.49 
H4(phytic acid)8- ⇌ H+ + H3(phytic acid)9-                                                                                                                                     
pKa9=8.20 
Therefore, at pH8.5, two major phytic acid species were present in our experiment, where either 
three or four protons remained on phytic acid molecules. According to the phytic acid structure 
proposed by Emsley and Niazi (1981), they correspond to two different structures (Fig.2.8): i) 
three protons remain on the molecule, with one on P4, one on P6, creating a strong double 
hydrogen bond; ii) four protons remain on the molecule still having the double hydrogen bond 
between P4 and P6, and with one migrated from P5 to either P1 or P3 and another one on the rest 
empty P1 or P3, creating another strong double hydrogen bond between P1 and P3.   
 
2.5.5 P-31 NMR analysis 
Determination of preferable phosphate groups of phytic acid during adsorption 
Changes in chemical shifts of different phosphate groups give implications of the 
preferential complexation of phytic acid at the ferrihydrite-water interfaces. Typically, 
deprotonation of adsorbed phosphate groups would cause a downfield shift of the chemical shift 
whereas the coordination with metals like iron (i.e., inner-sphere complexation) lead to a upfield 
shift due to increased shielding around the P nucleus (Jones and Katritzky, 1960; Moedritzer, 1967; 
Cozzone and Jardetzky, 1976; Šala et al., 2011; Ruyter-Hooley et al., 2015). In some solid-state 
NMR studies, the downfield shits were often interpreted as evidence for outer-sphere complexation 
(Ruyter-Hooley et al., 2015). Because of unknown water content in their studies, the presence of 
outer-sphere surface species are questionable. For this reason, the downfield shifted peaks were 
interpreted as deprotonated adsorbed phosphate groups in this study. 
It is important to note that 100% adsorption of phytic acid is not achieved in NMR samples. 




concentration of Fe(III). Therefore, all adsorption samples contain some uncomplexed aqueous 
phytic acids. The peak deconvolution was conducted to differentiate the contribution of adsorbed 
from uncomplexed phytic acid. 
 
Effects of phytic acid loading level at pH 5 
Spectra of phytic acid solution and phytic acid adsorbed ferrihydrite suspensions at pH ~5 
are shown in Fig2.5. Chemical shifts of deconvoluted peaks in the spectra in Figs. 2.5A, 2.5B, and 
2.5C are summarized in Table 2.2. The loading level of phytic acid and reaction conditions of 
adsorption samples (Fig.2.5B-D) are also summarized. The loading level increased from 0.52 to 
1.92 mole/kg with increasing [phytic acid]initial from 100 to 500 µM.  
From low to high field, four peaks (P5: 1.13 ppm, P4,6: 0.54 ppm, P1,3: -0.021 ppm, P2: -
0.50 ppm) are assigned in a spectrum of a 500 μM phytic acid solution at pH ~5 according to the 
previous NMR studies (Costello et al., 1976; Emsley and Niazi, 1981; Brigando et al., 1995). The 
P1-P6 functional groups correspond to the molecule confirmation in Fig.2.1. From thereafter, 
upfield- and downfield-shift refer to the peak shift with respect to the major peak of corresponding 
P functional groups in a spectrum of phytic acid solution in Fig.2.5A or 2.6A. 
In the adsorption samples (Fig.2.5B, 2.5C, 2.5D), the chemical shifts of these four peaks 
are similar to that of the solution spectrum in Fig.2.5A. This is due to an increase in the 
concentration of uncomplexed phytic acid in the system. The broadened peak is observed in all 
four major functional groups due to deprotonation and complexation of the functional group. 
Although these samples contain both adsorbed and uncomplexed phytic acids, the changes in 
chemical shifts of the major P functional groups could still inform us about the contribution of the 
functional groups to the surface complexation. To explain the complexation of phytic acid, the 
chemical shift of these functional groups in adsorption samples (Figs.2.5B-D) were compared with 
those in the solution sample (Fig.2.5A) below. 
In the ferrihydrite suspension with 500 μM phytic acid (Fig.2.5B), the chemical shits are 
similar to those in the phytic acid (aq) (Fig.2.5A). This is because ~65% of phytic acid is 
uncomplexed, resembling the spectrum of the solution. This is due to the presence of uncomplexed 
phytic acid seeing the major peaks of P5 (1.13 ppm), P4,6 (0.54 ppm), P1,3 (-0.021 ppm) and P2 




4,6 shifted to 1.12 ppm and 0.45 ppm, respectively. The P1,3 shifts to -0.024 ppm. The P2 shifts 
to -0.54 ppm. There are also downfield-shifted peaks in each P functional group. The P5, P 4,6, 
P1,3, and P2 shifts down to 1.24 ppm, 0.71 ppm, 0.0083 ppm, and -0.37 ppm, respectively. This 
might be attributed to deprotonated surface complexes. Sigg and Stumm (1981) argued that when 
proton-containing anions were adsorbed to goethite, they would act as proton donors to neutralize 
the hydroxyl groups released during the adsorption. Such a neutralization phenomenon would 
explain the promoted deprotonation of phosphate groups after complexation. The results show that 
the deprotonated surface complexes are contributed by all four functional groups at the 500 μM 
phytic acid system. 
In the spectrum of a 250 μM phytic acid reacted ferrihydrite (Fig.2.5C), there are more 
complex chemical shifts as the results of the surface complexation and deprotonation. Interestingly, 
the peak contains uncomplexed functional groups are only P5 and P4,6. This suggests that P1,3 
and P2 are most reactive functional groups when ferrihydrite is reacted with only 250 μM phytic 
acid. P1,3 and P2 have several peaks (-0.05, -0.065, -0.24, -0.54, -0.59, -0.64, -0.69 ppm) that were 
upfield-shifted. The downfield-shifted peaks for P1,3 and P2 (0.26, 0.008, 0.079, -0.34, -0.46 ppm) 
indicate the presence of deprotonated species. These deprotonated inner-sphere surface complexes 
are also seen in P4,6 and P5. For P4,6, there are upfield-shifted peaks (0.49 ppm) and downfield-
shifted peaks (0.61, 0.71, 0.78, 0.83 ppm), In the case of P5, there are upfield-shifted peaks (1.12 
and 0.93ppm) and downfield-shifted peaks (1.18, 1.23, and 1.33 ppm).  
For the 100μM spectra (Fig.2.5D), the spectrum shows that every phosphate group, except 
for P4,6, is complexed on the ferrihydrite surface. The peak corresponding to an uncomplexed 
phytic acid is only observed in P4,6 at 0.54 ppm. In P2, P1,3, and P5, upfield- and downfield-
shifted peaks are clearly seen. These three functional groups readily react to abundant surface sites 
when a low concentration (100 μM) of phytic acid is reacted. 
After evaluating the upfield-shift of the four functional groups as a function of [phytic 
acid]initial, it is safe to say that P1,3 and P2 are the most reactive functional groups and followed by 
P5. The P4,6 group seems to be the least reactive of all.   
The difference in the reactivity of P functional groups might be due to the different acidity 




rest protons on both P2 and P5 have a lower pKa (at around 6-7) than other protons on P1,3 and 
P4,6 (Barre et al., 1954; Emsley and Niazi, 1981; Bebot-Brigaud et al., 1999). Thus, a higher 
portion of P5 and P2 is fully deprotonated at pH 5, making them the best candidates to have charge 
attractions to the positively charged ferrihydrite surface.  
After coordination of P2 with the ferrihydrite surface, Šala et al. (2011) proposed an 
equatorial-axial-equatorial conformation sequence and thus the formation of (from P2)P-O-Fe-O-
P(fromP1,3) intramolecular bond. This also accounts for the reactivity of P1,3 that we observe in 
the NMR spectra. Our results agree with the previous literature. From Veiga et al. (2015)’s phytic 
acid-iron species distribution results, the predominant complex at pH 5 had a large chemical shifts 
of P2, P5, and to a smaller extent, P1,3.  
 
Effects of phytic acid loading level at pH 8.5 
Spectra of phytic acid solution and phytic acid adsorbed ferrihydrite suspensions under pH 
8.5 are shown in Fig 6. Chemical shifts of deconvoluted peaks are summarized in Table 2.2. The 
fitted four peaks of phytic acid solution from low to high field are assigned to P5 at 1.94 ppm, P2  
at 0.84 ppm, P4,6 at 0.72 ppm and P1,3 at 0.72 ppm at pH ~8.25 (Emsley and Niazi, 1981; 
Brigando et al., 1995). Emsley and Niazi (1981) investigated phytic acid protonation condition 
under different pH and they argued that the overlapped signal of P1,3 and P4,6 was attributed to 
the double strong hydrogen bond between P1 and P3 as well as between P4 and P6. 
Similar to the case in the pH 5 samples, the chemical shifts of six P functional groups in 
the phytic acid-ferrihydrite suspensions (Fig.2.6B, 2.6C and 2.6D) resemble those the solution 
spectrum (Fig.2.6A). However, there is a peak broadening effect in the samples reacted with 
ferrihydrite. It is difficult to assess the contribution of P1,3 and P4,6 to the surface complexation 
due to the close chemical shift values (Figs.2.6B and 2.6C). However, a few studies have shown 
that P1,3 was a more reactive functional group under similar pH values (Šala et al., 2011; Veiga 
et al., 2015). For this reason, it is reasonable to interpret that the majority of the upfield-shifted 
chemical shifts is attributed to the P1,3 functional group in this study.  
An NMR spectrum of the 100 μM phytic acid-ferrihydrite sample is shown in Fig.2.6D. In 




from the adsorbed complex is relatively strong. It is clearly seen that P1,3 shows the most 
significant upfield shifts. There are many small peaks at the upfield between 0.47 and -0.063 ppm 
with the largest peak at 0.38 ppm. This can be interpreted as the results of the surface complexation. 
The peak from the unreactive P4,6 functional group remains at 0.72 ppm. The peak of P2 also 
shifts slightly upfield to 0.80 ppm, suggesting a small contribution to the surface complexation. 
The P5 functional group shows relatively large changes. The upfield shifted peaks are between 
1.52 to 1.84 ppm. Because of the presence of upfield-shifted peaks, it is clear that P5 is contributing 
to the surface complexation.  
In the 250 μM spectrum (Fig.2.6C), P1,3 is upfield shifted to (0.22, 0.34, 0.49, and 0.68 
ppm) as the result of surface complexation. However, the P4,6 peak remains at 0.72 ppm. This 
suggests a lack of contribution to the surface complexations. There are several peaks from the P5 
functional group including a peak at 1.94 ppm. The peaks at 1.60-1.86 ppm can be explained by 
the surface complexation. Several peaks are downfield shifted to 2.04-2.16 ppm, suggesting the 
presence of deprotonated complexed species. 
In the 500 μM phytic acid-ferrihydrite sample (Fig.2.6B), P2, P1,3, and P4,6 show similar 
chemical shifts that are observed in the spectrum of the 250 μM phytic acid-ferrihydrite sample 
(Fig 6C).  P1,3 shifted from 0.72 to 0.44 and 0.24 ppm. Some of the signals from adsorbed species 
are weak due to the presence of non-adsorbed aqueous phytic acid. The large P4,6 peak remained 
at 0.72 ppm, suggesting a lack of contribution to the surface complexations. There are a few upfield 
shifted peaks from the P5 functional group. (1.81 and 1.70 ppm). A slight downfield shift to 1.99 
and 2.15 ppm can be interpreted as deprotonated surface complexed species. In the case of P2, 
there are two large peaks at 0.83 ppm with several small peaks at 1.08 and 1.28 ppm. It is 
interpreted that these are attributed to complexed deprotonated species. 
According to previous discussion about phytic acid speciation, we could deduce that both 
(phytic acid)9- and (phytic acid)8- are present in our samples under pH 8.5 and thus two 
configurations of phytic acid with different hydrogen bonding could exist (Fig.2.8). For the one 
that’s more deprotonated, P5 and P1 or P3 are bonded via one hydrogen bond and for the one that’s 
more protonated, P1,3 are bonded by two hydrogen bonds. Since these hydrogen bondings are 
strong, we believe that in the former case, P5 and P1 or P3 were joint and bind with the ferrihydrite 




completely be on the other side of the carbon ring, keeping them away from the mineral surface, 
which explains its less activity shown in the NMR spectra. For the other case where P1,3 are 
strongly connected by hydrogen bond, the same way of connection could be proposed. 
To conclude, P1,3 and P2 are still preferable functional groups, while P5 contributed to a 
relatively smaller extent when the coverage of phytic acid was high (e.g., 1.34 mole/kg, Fig.2.6D). 
The results are in good agreement with Šala et al. (2011)’s finding. They investigated phytic acid-
ferric ion interaction under pH 8.4 by comparing the T1 relaxation time and the results showed 
that P1,3 and P2 had most significant shortening of T1 followed by P5. 
 
2.5.6 Possible effects of aqueous Fe(III)-phytic acid complexes on the NMR spectra 
Celi et al. (2003) stated that the adsorption of phytic acid slightly induced the dissolution 
of ferric ions from ferrihydrite. It is possible that Fe(III)-phytic acid complex can contribute to the 
NMR spectra. To account for this artifact, two aqueous samples were prepared; 1) 250 µM phytic 
acid and 1 µM ferric nitrate at pH 5 and 2) 250 µM phytic acid and 2.5 µM ferric nitrate at pH 1.8. 
The samples were prepared using a titration method. No precipitation occurred during the 
preparation and the NMR measurement. Chemical speciation of aqueous samples was also 
calculated using a chemical speciation program CHEAQS Next (Version 2018.1) (Table 2.3). 
Published complexation constants of phytic acid-ferric ion complexation and pKa values of phytic 
acid were used according to the studies by Bretti et al. (2012) and (Crea et al., 2008).  
Spectra of the two Fe(III)-phytic acid aqueous samples are shown in Fig.2.7. Both of the 
spectra show no obvious peaks of phytic acid functional groups. One can exclude the contribution 
from dissolved ferric ion on P-31 NMR spectra in Fig.2.5 and Fig.2.6. The severe line broadening 
effect is causing all signals. The effect is attributed to the following two reasons that: 1) ferric ions 
are more paramagnetic than ferrihydrite and the broadening effect has diminished all signals, and 
2) there is an intermediate exchange between ferric ions and phytic acid.  
Presence of paramagnetic ions like ferric ions will increase the relaxation rate which is 
proportional to line width and thus leading to line broadening (Hertz, 1973; Bertini et al., 2017a). 
The difference in how largely ferric ions and ferrihydrite affected the line broadening might be a 




containing Fe, the distance from Fe to the relaxing nuclei, etc (Gillis and Koenig, 1987; Keating 
and Knight, 2007). Bryar et al. (2000) investigated the effects of different iron species on relaxation 
rate and found that iron oxyhydroxide suspensions had longer relaxation time than aqueous ferric 
ions, which could explain the much more serious line broadening occurring in the samples 
containing ferric ions. 
Also, one nucleus may exchange between two sites with a different resonance frequency 
and when the exchange rate is too low, two signals at both frequencies will be observed. As the 
exchange rate increases, both peaks get broader and when the rate increases to a point where it 
gets very close to the difference between two frequencies, one single broad resonance will be 
observed (Bertini et al., 2017b), which could be the case in our phytic acid-ferric ion samples. 
If it were an intermediate exchange that caused the severe line broadening, we could still 
rule out the interference of ferric ions. From the speciation results (Table 2.3), it is clear that phytic 
acid-Fe(III) complexes were formed in the 1 µM ferric ion-containing sample, but there are no 
corresponding peaks in the spectrum. Therefore, we could infer that a small amount of iron existing 
wouldn’t affect the chemical shifts of phytic acid-ferrihydrite complexation.  
 
2.6 Conclusion 
The shape of P-31 NMR spectra of phytic acid is clearly different at two pH values 
(Figs.2.5 and 6). When it was reacted with ferrihydrite, upfield chemical shifts of P2 and P1,3 (i.e., 
inner-sphere surface complexation) are observed. The P2 and P1,3 groups are the most active and 
bind preferentially with ferrihydrite surface under both acidic and slightly alkaline pH. While P5 
is less active at acidic pH, it shows a greater contribution to the surface complexation at slightly 
alkaline pH. In addition, downfield shifts of all peaks are observed when pH increases from 5 to 
8.5, suggesting the deprotonation of surface species. The varied affinity of different phosphate 
groups for ferrihydrite could be attributed to varied acidity of these groups. When the phytic acid 
concentration was low, all four phosphate groups had the potential to contribute to the adsorption 
process. With enough available preferable phosphate groups (e.g., P1,3 and P2), ferrihydrite would 
first bind with them and leave the others free. While the exact molecular configuration of the 
surface complexes still not clearly understood, it is safe to interpret the NMR spectra that inner-




ferrihydrite-water interface is also observed in the charge reversal effects in the zeta potential 
measurement. This chemisorption could potentially bridge several particles enhancing the particle 
flocculation or increasing the particle size. Further investigation of the in-situ binding mechanism 





















Figure 2.3 Particle size of ferrihydrite as a function of pH in [phytic acid] = 0-50 µM in 0.01 M 
sodium nitrate. 
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Figure 2.4 Phytic acid adsorption in ferrihydrite as a function of [phytic acid]final, pH and ionic 
strength in 0.001-0.01 M sodium nitrate. 








 I=0.01M, phytic acid=500μM
 I=0.001M, phytic acid=500μM
 I=0.01M, phytic acid=250μM
 I=0.001M, phytic acid=250μM
 I=0.01M, phytic acid=100μM




























Figure 2.5 31P NMR spectra: A) phytic acid solution in ionic strength of 0.001 M at pH 5.27; B) 
500 μM phytic acid in 0.1 g/L ferrihydrite suspension at pH 5.48; C) 250 μM phytic acid in 0.1 
g/L ferrihydrite suspension at pH 5.39; D) 100 μM phytic acid in 0.1 g/L ferrihydrite suspension 






Figure 2.6 31P NMR spectra of: A) phytic acid solution in ionic strength 0.001 M at pH 8.25; B) 
500 μM phytic acid in 0.1 g/L ferrihydrite suspension at pH 8.27; C) 250 μM phytic acid in 0.1 
g/L ferrihydrite suspension at pH 8.20; D) 100 μM phytic acid in 0.1 g/L ferrihydrite suspension 







Figure 2.7 Spectra of: A) 250 μM phytic acid with 2.5 μM ferric nitrate at pH 1.79 with an ionic 
strength of 0.001 M (phytic acid was adsorbed at 0.65 mole/kg of ferrihydrite and 6% was adsorbed, 
according to the spectrophotometric method); B) 250 μM phytic acid with 1 μM ferric nitrate at 
pH 5.37 an ionic strength of 0.001 M (phytic acid was adsorbed at 0.65 mole/kg of ferrihydrite 













Table 2.1 Particle size of ferrihydrite under extreme phytic acid concentrations in 0.001 M sodium 
nitrate prior to and after 31P NMR measurement. Standard deviation is denoted in the parenthesis. 
pH values after D2O addition are reported. 
adsorption system pH Fresh 
(nm) 
After six hours 
(nm) 
500 μM phytic acid-
0.1 g/L ferrihydrite 
5.20 254.5 (3.894) 256.7 (2.524) 
500 μM phytic acid-
0.1 g/L ferrihydrite 


















Table 2.2 Chemical shifts (ppm) of different phosphate groups under pH 5 and 8.5 with 
varied phytic acid loading level. pH values after D2O addition are reported. Due to the 
overlapped position of P1,3 and P4,6 peaks, chemical shifts in the parenthesis could 
not be assigned to a specific phosphate functional group. However, we believe that 
they are largely attributed to complexation of P1,3. 
Conc. of phytic 
acid and loading 
level 
pH P5 P4,6 P2 P1,3 
500 µM solution 5.27 1.13 0.54 -0.021 -0.50 
      



















































































Table 2.2 Chemical shifts (ppm) of different phosphate groups under pH 5 and 8.5 with 
varied phytic acid loading level. pH values after D2O addition are reported. Due to the 
overlapped position of P1,3 and P4,6 peaks, chemical shifts in the parenthesis could 
not be assigned to a specific phosphate functional group. However, we believe that 
they are largely attributed to complexation of P1,3. 
Conc. of phytic 
acid and loading 
level 
pH P5 P4,6 P2 P1,3 
 
500 µM solution 8.25 1.97 0.72 0.84 0.72 
      



















































Table 2.2 Chemical shifts (ppm) of different phosphate groups under pH 5 and 8.5 with 
varied phytic acid loading level. pH values after D2O addition are reported. Due to the 
overlapped position of P1,3 and P4,6 peaks, chemical shifts in the parenthesis could 
not be assigned to a specific phosphate functional group. However, we believe that 
they are largely attributed to complexation of P1,3. 
Conc. of phytic 
acid and loading 
level 
































Table 2.3 Speciation of Fe(III) and phytic acid in the sample containing 250 μM phytic acid and 1 
μM ferric nitrate at pH 5.37 an ionic strength of 0.001 M. Species with concentrations less than 
1E-10 were not included. Relevant constants: logK= 28.5 for Fe(III)(phytic acid) 9- (Fe3+ + phytic 
acid12- ⇌ Fe(III)(phytic acid)9-); pKa6 (H7(phytic acid)5- ⇌  H+ + H6(phytic acid)6-), pKa7 
(H6(phytic acid)6- ⇌ H+ + H5(phytic acid)7-), pKa8 (H5(phytic acid)7- ⇌ H+ + H4(phytic acid)8-), 
pKa9 (H4(phytic acid)8- ⇌ H+ + H3(phytic acid)9-), pKa10 (H3(phytic acid)9- ⇌ H+ + H2(phytic 
acid)10-) for phytic acid are 3.02, 5.17, 6.49, 8.20, 9.53 (Crea et al., 2008; Bretti et al., 2012). 
Species Concentration  
(M) 
Percentage of total 
Fe3+ 
Percentage of total 
phytic acid 
Fe(III)(phytic acid) 9- 9.99E-07 0.999292 4.00E-03 
H3(phytic acid) 9- 5.68E-08  2.27E-04 
H4(phytic acid) 8- 2.10E-05  8.41E-02 
H5(phytic acid) 7- 1.63E-04  0.6515183 
H6(phytic acid) 6- 6.48E-05  0.259382 
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Chapter 3: Ferrihydrite Transformation Impacted by Coprecipitation of Phytic Acid 
 
3.1 Abstract 
Phytic acid is the dominant organic phosphorus in soils, and its stability is linked to sorption 
to Fe minerals. In this study, ferrihydrite was coprecipitated with phytic acid as a function of the 
initial phytic acid/Fe(III) molar ratio (0.05 to 0.5), aging time (1 d-10 mo) and temperature (22 oC 
and 70 oC), and its physicochemical properties were investigated using zetasizer, X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). An increase in the phytic acid/Fe(III) molar ratio 
lowered zeta potential of fresh products from ~-40 to ~-60 mV and the particle size from ~1800 to 
788 nm. Hydrothermal treatment resulted in a decrease in the particle size in all samples. The 
results from XRD and SEM analysis suggested the presence of Fe(III)-phytate like bulk precipitate 
in coprecipitates prepared under high phytic acid/Fe(III) molar ratio (0.45-0.5) regardless of 
treatments. The formation of ferrihydrite was favored with decreasing the phytic acid loading, but 
none of coprecipitated samples transformed into hematite and goethite under the hydrothermal 





Inositol phosphates, which frequently comprise over 60% of the soil orthophosphate 
monoesters, are the most common organic phosphorus (P) species in soils (Anderson, 1980; Turner 
et al., 2002; Celi and Barberis, 2007). Among them, the myo-inositol hexaphospahte (phytic acid) 
is usually dominant (Mckercher and Anderson, 1968; Turner et al., 2002). Phytic acid is generally 
synthesized in plants such as legumes, cereals and oilseeds and the highest concentrations are 
found in seeds (Cosgrove and Irving, 1980; Kasim et al., 1998). With six phosphate groups, phytic 
acid is a strong ligand in soils and frequently undergoes preferential adsorption and/or precipitation 
with soil minerals and or dissolved ions in soil solutions (Jackman and Black, 1951; Anderson and 
Arlidge, 1962; Celi et al., 1999). This supports the persistence of phytic acid in soils even though 
it’s not predominant in the overall soil P inputs (Turner et al., 2002). Soil properties like % organic 




acid in the soil. For example, comparing with sand, peat soils contain a higher concentration of 
phytic acid (Harrison, 1987). Illite has been reported to act as a stronger adsorbent for phytic acid 
than kaolinite (Celi et al., 1999). The highest concentration of phytic acid is detected in grasslands 
(Turner et al., 2007). Acidic soils with more amorphous Fe and Al (oxyhydr)oxides also have 
higher concentrations of phytic acid and the association between phytic acid and these minerals 
has been thought to be the most important reason accounting for phytic acid stabilization in these 
soils (Anderson et al., 1974; Anderson, 1980; Harrison, 1987; Celi and Barberis, 2007). In neutral 
or alkaline soils, phytic acid is more frequently associated with calcium minerals, clays and organic 
matter (Jackman and Black, 1951; McKercher and Anderson, 1989) and several experiments also 
showed that P adsorbed on Fe/Al minerals were present or even important in neutral to calcareous 
soils (Ryan et al., 1985; Beauchemin et al., 2003).  
The acid-base properties of phytic acid has been wildly studied and both potentiometric 
method and 31P NMR were frequently used (Barre et al., 1954; Costello et al., 1976; Isbrandt and 
Oertel, 1980; Emsley and Niazi, 1981; Brigando et al., 1995; Bebot-Brigaud et al., 1999; Šala et 
al., 2011). With minor differences in the exact pKa values due to the experiment conditions, all 
results were similar. For example, Brigando et al. (1995) concluded that the first six protons on 
P1,3, P2, P5, and P4,6 were strongly acidic with pKa <4, two protons (P2 and P5) with pKa around 
7 and four (P1,3 and P4,6) were very weakly acidic with pKa >9. The structure of aqueous phytic 
acid has also been investigated extensively, and depending on the pH, phytic acid in the aqueous 
solution only exists in two conformations (Fig.3.1): axial (P2 in an equatorial position and the 
other five P in axial positions) and equatorial (P2 in an axial position and the other five P in 
equatorial positions) (Brigando et al., 1995; Turner et al., 2002).  However, there hasn’t been a 
consistent conclusion regarding the conformational alterations under different pH values. It’s also 
been acknowledged that the type of counter ions in the solutions had an effect on the 
conformational changes (Costello et al., 1976; Isbrandt and Oertel, 1980; Emsley and Niazi, 1981; 
Barrientos and Murthy, 1996; Bauman et al., 1999).  
Some studies have investigated how phytic acid affects Fe geochemical cycling and its role 
as a strong ligand in soils where phytic acid can directly interact with Fe minerals or associate with 
organic matter via Fe bridges (Borie et al., 1989; Zhang et al., 1994; Celi and Barberis, 2007; 
Jørgensen et al., 2015). The interaction between phytic acid and Fe minerals consists of adsorption 




minerals (Ognalaga et al., 1994; Celi et al., 1999, 2003; Martin et al., 2004; Johnson et al., 2012; 
Yan et al., 2014b; Xu et al., 2017). Generally, several out of six phosphate groups are bound with 
mineral surfaces and the other remains free, leading to the charge property of the mineral surface 
more negative. Only limited studies have investigated the precipitation of phytic acid and Fe 
minerals and two mechanisms were proposed: i) the surface precipitation of previously adsorbed 
phytic acid and released Fe at slightly acidic and neutral pH; ii) bulk precipitation in the solution 
of soluble phytic acid and dissolved Fe at more acidic pH (Wang et al., 2017). Thus far, it is not 
clearly understood how the presence of phytic acid will affect the iron polymerization and or the 
formation of iron oxyhydroxides.  
Strong complexants like phosphate are known to effectively suppress Fe(III) 
polymerization and crystallization, (Gálvez et al., 1999; Kaegi et al., 2010; Voegelin et al., 2010, 
2013) and it has been reported that the presence of phosphate during the ferrihydrite synthesis 
retarded the hydrolysis of Fe(III) at the edge-sharing dimer stage (Rose et al., 1996).  Because of 
multiple phosphate functional groups in a phytic acid molecule, both the inhibitory effect on the 
ferrihydrite formation and co-precipitation can be expected. Therefore, the objective of this study 
is to investigate the effects of phytic acid on the formation of ferrihydrite. 
 
3.3 Materials 
3.3.1 Preparation of phytic acid-Fe(III) coprecipitates  
All reagents are American Chemistry Society (ACS) grade and all aqueous solutions were 
prepared with ultrapure water. Phytic acid (Sigma-Aldrich, St. Louis, MO, U.S.) stock solution of 
0.112 M and ferric nitrate (Thermo Fisher Scientific, Waltham, Massachusetts, U.S) stock solution 
of 2 M were prepared. 7.425 mL of Fe(III) solution and different amount of phytic acid solution 
were mixed with water to reach different phytic acid/Fe(III) molar ratio of 0.05, 0.1, 0.15, 0.2, 
0.25, 0.3, 0.35, 0.4, 0.45, 0.5 and a final volume of 75 mL. The pH has been maintained at around 
7.5 for at least an hour. Then the suspensions were dialyzed for a week before all measurement. 
Approximately 5 mL of subsamples were saved for the Zeta potential and particle size analysis 
described below. An additional two sets of samples are prepared using the same methods. A set 
was aged for ~10 mo in ultrapure water at room temperature. The third set was hydrothermally 
treated to induce the transformation of iron oxyhydroxides. They were heated in a convection oven 




particles, all mineral suspensions were quickly frozen in liquid nitrogen and then dried in a freeze-
drier (Labconco, Kansas City, MO, U.S.).  Dried samples were finely ground using an agate mortar 
and pestle. 
 
3.3.2 Synthesis of ferric-phytic acid bulk precipitate  
Ferric phytic acid bulk precipitates were synthesized according to the method described by 
Makower (1970). A 17.9 mM ferric nitrate stock solution and a 14.4 mM phytic acid stock solution 
were prepared. 13.5 mL of the phytic acid stock solution and 86.5 mL of the ferric nitrate stock 
solution were mixed to make a molar ratio of Fe(III)/P: 4/3. Then the pH of the solution was 
adjusted to 0.82 and heated for 10 min after boiling. After cooling down, the solution was 
centrifuged at 15,000 x g for 15 min (Thermo Fisher Scientific, Waltham, Massachusetts, U.S) and 
the supernatant was decanted. The precipitate was then washed with pH1 ultrapure water for four 
times. The samples were dried using the same freeze-drying process as described above. 
 
3.4 Methods 
3.4.1 Zeta potential and particle size measurement 
Zeta potential and the particle size distribution of ferric-phytic acid coprecipitates and 
ferric-phytic acid bulk precipitates were measured using a Zetasizer (Malvern Instruments, 
Malvern, U.K.). All samples were diluted to a suspension density of ~0.1-0.3 g/L in ultrapure water 
before each measurement. The final volume of all samples was ~10 mL. Each sample was 
ultrasonified for 20s at 20 kHz right before the measurement. 
 
3.4.2 Scanning electron microscopy  
The morphology and surface element composition of the products were observed by 
scanning electron microscopy (SEM) using Hitachi S-4700 SEM (Tokyo, Japan), operating with 
Energy Dispersion X-Ray (EDS). The accelerating voltage was 5 kV and the current was 10 μA. 
Samples were mounted onto pin-type aluminum stubs with double-sided carbon tapes. Before the 
examination, the products were placed in a vacuum chamber for a thin layer of Au-Pd coating 






3.4.3 X-Ray diffraction analysis 
Powder X-Ray diffraction (XRD) measurement was performed on Siemens-Bruker D5000 
(Munich, Germany) using Cu kα1 + kα2 radiation at 40 kV and 30 mA over a range of 5º-80º 2θ 
at 2 deg/min. XRD patterns were computed by OriginLab (2018 version) peak analysis to find the 
2 theta and intensity ratio of each peak. Peak assignment and mineral identification were performed 
using the ICDD database (Powder Diffraction File 4, PDF-4+) with the 2 theta position and 
intensity ratio of each peak. 
 
3.5 Results and Discussion 
3.5.1 Physical properties 
Throughout the discussion, the products number (#1-#10), which describes the initial 
phytic acid/Fe(III) molar ratio (Table 3.1), are used to compare the changes in physicochemical 
properties of coprecipitates. Physical properties of fresh, hydrothermally treated and 10-month 
aged products are shown in Table 3.1. After aging, the loading level of phytic acid in each 
coprecipitate decreases, possibly due to desorption of phytic acid or dissolution of co-precipitates. 
With increasing the phytic acid/Fe(III) ratio in the coprecipitates, color changes from dark reddish 
brown (5YR 3/3 of fresh product #1) to light reddish yellow (7.5YR 8/6) during the synthesis. In 
the case of hydrothermally treated and aged product #1, it exhibits dark reddish brown, 2.5YR 
2.5/3. All products #1 and #2 still have ferrihydrite-like color (5YR 3/3), which may be indicative 
of ferrihydrite formation. With increasing the ratio of phytic acid/Fe(III), redness in all products 
decreases and yellowness increases, exhibiting some similarities with the synthetic ferric phytate 
which has a color of 2.5Y 8/6. 
 
3.5.2 Zeta potential of ferrihydrite and coprecipitates 
The zeta potentials of phytic acid-iron coprecipitates and ferrihydrite are shown in Fig.3.2.  
All freshly synthesized materials have a zeta potential of ~-40 to ~-60 mV, which is substantially 
lower than that of ferrihydrite. This suggests that some phytic acid is adsorbed on the surface, 
causing the charge reversal. With increasing the concentration of sorbed phytic acid, there is only 
a slight decrease in zeta potential. This indirectly suggests that phytic acid was potentially 




Li and Stanforth reported that zeta potential initially decreased at a low surface coverage 
of phosphate on goethite, and stabilized at the higher phosphate coverage (Li and Stanforth, 2000). 
They argued that the transition point is attributed to surface precipitation of Fe(III)-P considering 
the high surface coverage. Although the ligand is different from this study, a phytic acid molecule 
has six P functional groups. One can relate the example of phosphate to the phytic acid system. 
Changes in the zeta potential are small through all 10 samples (samples from ~0.8 to 4.2 mmole/kg 
of sorbed phytic acid in Fig.3.2). The surface precipitation could have occurred even with the 
lowest phytic acid/Fe(III) ratio. With six phosphate groups, phytic acid has greater chelating ability 
and thus it’s easier for the adsorbed phytic acid to coordinate with dissolved iron in the solution 
and then transform to surface precipitates (Yan et al., 2014a).  
For the hydrothermally treated products, zeta potentials increase slightly compared to 
untreated respective samples. For example, the zeta potential of product#1 increases to -38 mV 
from -41.6 mV. The zeta potential of product #2-#10 remains the same or slightly higher than the 
fresh ones. In 10-month aged samples, the zeta potential of product #1 significantly increases to -
23 mV. The increase in zeta potential is partially due to the desorption of phytic acid (Table 3.1). 
Products with higher phytic acid/Fe(III) ratio only have slight increases in zeta potentials, showing 
a hysteresis in the desorption of phytic acid. Moreover, an increase in zeta potential would also 
indicate the coverage of the surface adsorbed phytic acid by cations (Ler and Stanforth, 2003), 
namely dissolved iron in the experiment, thus giving evidence of continued surface precipitation 
during the aging. Yan et al. (2014) also reported an increase in the zeta potential of phytic acid 
reacted amorphous aluminum hydroxide with reaction time and attributed it to surface 
precipitation.  
 
3.5.3 Particle size distribution of the products 
The particle size distribution of fresh, hydrothermally treated and 10-month aged 
ferrihydrite and phytic acid-iron products are shown in Fig.3.3. The distribution of average particle 
size of the fresh products decreases from ~1800 nm of product #1 to ~788 nm with increasing the 
concentration of phytic acid. Phosphate is known to inhibit iron nucleation and thus retarding 
further aggregation towards ferrihydrite formation (Kandori et al., 1992). Particle nucleation is 
affected by its surface Gibbs free energy, and sorption of oxyanions (e.g. phosphate) is reported to 




and Zhao, 2016; Weatherill, 2017). Therefore one could expect similar inhibitory influence from 
phytic acid. 
For the hydrothermally treated-ferrihydrite and -coprecipitates, it’s clear that particle size 
for all samples decreases compared with that of fresh coprecipitates. Specifically for the phytic 
acid-reacted products, the particle size decreases from 1800-788 nm (fresh samples) to 1244-551 
nm (hydrothermally treated samples). The particle size of ferrihydrite decreases from ~3500 to 
~2500 nm. After hydrothermally treated ferrihydrite, the absolute value of zeta potential increases 
(Fig.3.2), leading to more electrostatic repulsion between particles, thus resulting in smaller 
aggregates. The same trend is observed in the primary particle size which is discussed in the SEM 
section below. 
The particle size of the aged products at room temperature shows two contrasting trends 
when they are compared with the freshly synthesized samples. The particle size of product #1 and 
#2 increases from 1830 (fresh product #1) to 2330 nm (aged product #1) and from 1180 (fresh 
product #2) to 1230 nm (aged product #2). The increase in these first two products might be 
attributed to the bridging effect of phytic acid on ferrihydrite particles, resulting in formation of 
larger aggregates. As previously discussed, the surface precipitation could not be excluded. Further 
coordination of ligands with dissolved iron to form a new surface coverage should increase the 
particle size.  
Literature regarding changes in the aggregate size of phytic acid reacted ferrihydrite during 
thermal treatment or aging is scarce. But a chemical analog of the phytic acid functional groups 
like phosphate and arsenate have been studied on the ferrihydrite system. Hydrothermal treatment 
and room-temperature aging were reported to facilitate the formation of larger aggregates in 
phosphate- and arsenate-Fe(III) co-precipitation systems (He et al., 1996; Wang et al., 2015). In 
these systems, chain-like cross-linkage, where P/As tetrahedral connected with iron octahedral 
were proposed(He et al., 1996; Mikutta et al., 2014; Wang et al., 2015). In the case of phytic acid, 
binding of one phytic acid molecule with three iron ions have been postulated by He et al. (2006) 
and considering the phytic acid’s chair structure and its variable configuration, the conformation 
of phytic acid with Fe(III)-monomers, -dimers and -polymers may be more complex, which may 






3.5.4 Characterization of the fresh Fe(III)-phytate coprecipitates 
X-ray diffraction 
The X-Ray diffractograms of freshly synthesized ferrihydrite, phytic acid-Fe(III) 
coprecipitates and a phytic acid-Fe(III) bulk precipitate are shown in Fig.3.4. Two-line ferrihydrite 
shows two broad peaks at 2θ around 35º and 62º. The two coprecipitates with the lowest phytic 
acid/Fe(III) ratio (products #1 and #2) retain these two peaks, indicating that phytic acid loadings 
were not high enough to inhibit the ferrihydrite formation. With increasing the content of phytic 
acid from product #3 to #10, the diffraction peaks broaden and the one at 2θ ~ 60º gradually 
diminishes. The other peak at 35º shifts to ~29.5º for product #10 with increasing the phytic acid/Fe 
ratio. The X-Ray diffractogram of synthesized iron-phytate acid bulk-precipitate (later referred to 
as ferric phytate) shows only a distinct broad peak at around 26.5º. The peak in the product #3-10 
gradually shifts toward 26.5º. This may indicate an increasing predominance of co-precipitate in 
the end products which are mixtures of ferrihydrite and a Fe-phytate bulk precipitate. Alternatively, 
this peak could be indicative of a ferric phytate-like end product.  
Our results corroborate with the past findings. Wang et al. (2017) prepared amorphous 
ferric phytate and the product showed a broad peak at a d-spacing of 3.12 Å, while it was ~3.37 Å 
in this study. The difference might be arising from the different synthesis condition. Their 
diffractograms of phytic acid-reacted ferrihydrite samples showed similar trends. 
The effects of arsenate and phosphate on Fe(III) crystallization showed similar trends in 
the XRD analysis (Thibault et al., 2009; Neil et al., 2014; Wang et al., 2015). The broadening of 
the peaks was interpreted as the formation of ferrihydrite-like, amorphous ferric arsenate or 
phosphate precipitate. Phosphate is known to suppress the Fe(III) hydrolysis at both edge-sharing 
and corner-sharing of Fe(III) octahedra, limiting the dimerization (Rose et al., 1996, 1997). With 
six phosphate functional groups, such inhibitory effect on ferrihydrite formation and subsequent 
phytic acid-iron binding to form co-precipitate could be expected. 
The changes in XRD line broadening could be explained in the followings: i) the 
incorporation of phytic acid into the Fe(III) polymers distorted the local environment of Fe 
octahedral linkages, perturbing the intra-particle structure and making it less crystalline; ii) 
reaction of phytic acid at the mineral surface poisoned the surface and inhibited particle growth 
(Thibault et al., 2009). The formation of co-precipitates is strong evidence of the first mechanism 





Scanning electron microscopy 
Scanning electron microscopy image of ferrihydrite (Fig.3.5A) shows networks of 
coalesced aggregates which were made up of smaller nano-aggregates, leading to a rough surface. 
Figs.2.7B and 2.7C show the morphology of fresh product #5 and #10. There are spherical particles 
on the aggregate surface with an average size of 47.9±8.4 nm and 58.1±10.4 nm, respectively. The 
results from EDS (Fig.2.7D) suggests that the spherical particles are composed of Fe, P and O. 
Peak intensity ratios of P/Fe for product #5 and #10 are approximately 1.07 and 2.46, respectively. 
Primary particles size of phytic acid-Fe(III) coprecipitates is larger than that of ferrihydrite, which 
could be attributed to the bridging effects of phytic acid between Fe octahedral structures during 
iron polymerization. Such a role has been documented in several studies (Rose et al., 1996, 1997; 
Neil et al., 2014; Hiemstra and Zhao, 2016). 
Phytic acid is also known to modify the shape of mineral particles in several studies. The 
study of a phytic acid-calcite system also observed sphere-like calcium phytate nucleates covering 
the calcite surface, changing the rhombohedral morphology of calcite (Wan et al., 2016). Another 
study investigated the interaction between phytic acid and CoFe2O4 and they found that phytic acid 
induced the nucleation of particles to form rod-like morphology compared with the original 
spherical and cubic particles (Cai et al., 2017). 
 
3.5.5 Characterization of the 10mo aged Fe(III)-phytate coprecipitates 
X-ray diffraction 
The XRD diffractograms of the 10 month-aged coprecipitates are shown in Fig.3.6. The 
product #1_10mo and #2_10mo retain two broad peaks of ferrihydrite. Two-line ferrihydrite 
showed 2θ of ~35º and 62º (indicated by a dotted and dashed line, respectively). The peak at 62o 
is broadened with increasing the content of phytic acid from products #1_10mo to #10_10mo. 
With increasing the phytic acid content, a 2θ peak at ~35º shifts to lower 2θ values in the product 
#3_10mo to #10_10mo.  In the products #9_10mo and #10_10mo, the 2θ peak is at ~27o that is 
close to that of a Fe(III)-phytate bulk precipitate, and the peak at ~61o, which corresponds to one 
of two ferrihydrite peaks, is nearly absent. The high phytic/Fe ratio of 0.45-0.5 might facilitate the 





Scanning electron microscopy 
Spherical particles are observed in the 10-month aged coprecipitates #5_10mo and 
#10_10mo (Fig. 7A and 7B). The results from EDS (Fig.3.7C and 3.7D) suggest that the spherical 
particles are composed of Fe, P, and O. The peak intensity ratios of P/Fe for product #5_10mo and 
#10_10mo are 1.05 and 2.12, respectively. The size of primary particles in the 10-month aged 
products #5_10mo and #10_10mo is ~41-42 nm. Some phytic acid was desorbed during aging 
(Table-1), therefore one can expect less inhibitory effect on the iron crystal growth. Since 
aggregation facilitates nucleation and the subsequent crystal growth (Fischer and Schwertmann, 
1975), it should explain the growth of primary particles during aging. 
 
3.5.6 Characterization of the hydrothermally treated Fe(III)-phytate coprecipitates 
X-ray diffraction 
The XRD diffractograms of the hydrothermally treated ferrihydrite and samples with 
different phytic acid loadings are shown in Fig.3.8. The spectrum of the treated ferrihydrite shows 
the diagnostic peaks of hematite and goethite. By comparing with PDF-4+ database, the peaks at 
2θ of 21.22º, 34.58º, 36.79º, 53.24º, 57.34º, 58.96º correspond to goethite, and peaks at 24.04º, 
33.11º, 35.56º, 40.69º, 49.50º, 54.08º, 62.31º and 64.00º correspond to hematite. Hematite is 
known to nucleate by internal dehydration and rearrangement within ferrihydrite while goethite 
could form by dissolution and re-precipitation of ferrihydrite as goethite could nucleate directly 
from polymers in the solution or from the evolution of ferric gels (Fischer and Schwertmann, 1975; 
Schwertmann and Murad, 1983; Combes et al., 1990). 
The hydrothermally treated coprecipitate product #1H and #2H show two characteristic 
peaks of ferrihydrite, indicating that under these phytic acid/Fe(III) ratio, and the subsequent 
transformation to more crystalline minerals is retarded with the complexation of phytic acids. The 
product #3H-#10H show similar diffractograms as well as trends as those seen in the fresh samples. 
Two theta values for product #3H-#4H are at ~32º and the ones for product #5H-#7H are all at 
~30.6º. Two theta values for product #8H-#10H are all at ~29º, indicating that with increasing 
phytic acid, the peaks are gradually shifting towards that of the ferric phytate bulk precipitate. 
However, the center of the one peak in the hydrothermally treated sample#10H still does not 




Fig. 8), suggesting the coprecipitates are: 1) transforming toward ferric phytate bulk precipitates 
or 2) becoming a mixture of ferric phytate bulk precipitates and ferrihydrite.  
The complexation of phytic acid on the FeO6 structure suppresses further transformation. 
Therefore, hematite and goethite were not formed in #1H-#10H during the hydrothermal treatment. 
The inhibitory effect of phosphate on the transformation of ferrihydrite has been extensively 
studied (Biber et al., 1994; He et al., 1996; Barrón et al., 1997; Paige et al., 1997; Gálvez et al., 
1999; Shaw et al., 2005; Reeves and Mann, 2007). The rate of transformation from ferrihydrite to 
goethite is greatly reduced with the presence of oxyanions like phosphate as a result of increasing 
entropic component of the activation free energy (Biber et al., 1994; Shaw et al., 2005), therefore 
one can expect a decrease in the rate of ferrihydrite transformation with phytic acids. Like 
phosphate, during the heating of ferrihydrite, phytic acid in the solution may complex on Fe dimers 
and or polymers, retarding the dissolution and thus the rearrangement or crystallization process of 
ferrihydrite into more crystalline phases (Biber et al., 1994). Sorption of phytic acid on the crystals 
could also inhibit their successive growth by binding to reactive sites, thus blocking the access 
from other iron crystals (Shaw et al., 2005). Also, interaction with phytic acid resulted in a large 
increase in the negative charges of ferrihydrite surface, which reduce aggregation, preceding 
dehydration and rearrangement process to form hematite (Gálvez et al., 1999).  
 
Scanning electron microscopy 
Scanning electron microscopy images of hydrothermally treated ferrihydrite, product #5H 
and #10H are shown in Fig.3.9. Acicular shaped goethite, as well as coalesced ferrihydrite 
aggregates, are observed (indicated by arrows in Fig.3.9A). According to the XRD result, hematite 
should also be present, but its rhombohedral or diamond-shape are not clear within the bulk 
presence of ferrihydrite. Also, ellipsoidal morphology for hematite has also been reported due to 
heterogeneous nucleation and growth from previously precipitated goethite (Ocana et al., 1995). 
Only spherical particles, which resemble the morphology of ferric phytate bulk precipitates (Fig. 
10), are observed in the coprecipitate products #5H and #10H (Figs.3.9B and 3.9C). The results of 
EDS analysis (Fig. 3.9D and 3.9E) suggest that the spherical particles are composed of Fe, P and 
O. The peak intensity of P/Fe ratio for the product #5H and #10H are approximately 1.30 and 1.70, 
respectively. The peak intensity of P/Fe ratio is 1.78 in the Fe-phytate bulk precipitates, which is 




~35 nm, which is very close to that of the synthesized ferric phytate (Fig.3.10). Similarities in both 
the peak intensity ratio and primary particle size supported the conclusion in the XRD section that 
the coprecipitates are transforming to ferric phytate-like bulk precipitates.  
 
3.6 Conclusion 
The XRD analysis and SEM analysis suggest that the condition under high phytic acid/Fe 
molar ratio (>0.15) lead to the incorporation of phytic acid into the Fe polymer structures via co-
precipitation of ferric phytate and or the formation of ferric phytate-like bulk precipitate products. 
The results of zeta potential measurement indirectly support the evidence for both processes. When 
the phytic acid/Fe molar ratio is less than 0.1, the formation of ferrihydrite is still favored. The low 
level of phytic acid is effective in suppressing the transformation of ferrihydrite even under the 
hydrothermal treatment at 70oC. With higher phytic acid/Fe(III) molar ratio, the bulk precipitation 
of phytic acid with iron ions dominate and even ferrihydrite formation is retarded. During aging, 
the crystal growth was not effectively suppressed due to the desorption of phytic acid. This resulted 
in the larger primary particle size. The hydrothermally treated products decreased the particle size 
of coprecipitates that is similar to the size of the ferric phytate bulk precipitates. Although there is 
enhanced aggregation in aged samples, the mechanism is not clearly understood.  
The findings of the study will be valuable for predicting the fate of phytic acid in soils. 
Once phytic acid is adsorbed or precipitated with clays and minerals, it is more difficult for plants 
and microorganisms to assimilate P from phytic acid unless it undergoes mineralization (Shang et 
al., 1996). Furthermore, phytic acid can compete for adsorption sites in soils with other oxyanions 
like orthophosphate. It has been reported that some Fe minerals like goethite and hematite had 
higher affinities for phytic acid than phosphate (Celi et al., 2001; Martin et al., 2004; Celi and 
Barberis, 2007; Yan et al., 2014b; Prietzel et al., 2016) and that the adsorption of phytic acid not 
only had a competitive effect on phosphate sorption in soils, but it also induced the desorption of 
adsorbed phosphate (Bowman et al., 1967; Anderson et al., 1974; Evans, 1985; Groot and 
Golterman, 1993; Berg and Joern, 2006). Therefore, the interaction between phytic acid and Fe 
minerals could also affect inorganic phosphate bioavailability and leaching in soils. Taking into 
account of phytic acid’s dominant role as an organic P species, our findings indicate that phytic 




















Figure 3.2 Zeta potential of phytic acid-Fe(III) coprecipitates as a function of aging time (7 d and10 




Figure 3.3 Particle size of phytic acid-Fe(III) coprecipitates as a function of aging time (7 d and 
10 month at 22(±0.6) ºC or 5 days at 70 oC) 

















































Figure 3.4 X-ray diffraction diffractograms of fresh-ferrihydrite, -phytic acid-Fe(III) 
coprecipitates and -phytic acid-Fe precipitate. The initial phytic acid/Fe(III) molar ratio in every 
coprecipitate sample is: #1, 0.05; #2, 0.1; #3, 0.15; #4, 0.2; #5, 0.25; #6, 0.3; #7, 0.35; #8, 0.4; #9, 
0.45; #10, 0.5. The solid line at 2 theta of 26.54º corresponds to the peak of phytic acid-Fe 
precipitate, and the dashed- and dotted-lines at 2 theta of 34.24º and 61.22º, respectively, 






Figure 3.5 Scanning electron microscopy images of fresh samples of: A) ferrihydrite (primary 
particle size of 24.9±3.4 nm); B) product #5 with initial phytic acid/Fe(III) of 0.25 (primary particle 
size of 47.9±8.4 nm); C) product #10 with initial phytic acid/Fe(III) of 0.5 (primary particle size 
of 58.1±10.4 nm). D) An energy dispersive X-ray spectrum at a selected area (white open square) 
in #5 product shown in panel B), and E) An energy dispersive X-ray spectrum at a selected area 
















Figure 3.6 X-ray diffraction diffractograms of 10-month aged (22ºC) phytic acid-Fe(III) 
coprecipitates. The initial phytic acid/Fe(III) molar ratio in every coprecipitate sample is: #1, 0.05; 
#2, 0.1; #3, 0.15; #4, 0.2; #5, 0.25; #6, 0.3; #7, 0.35; #8, 0.4; #9, 0.45; #10, 0.5. The solid line at 2 
theta of 26.54º corresponds to the peak of phytic acid-Fe precipitate, and the dashed- and dotted-










Figure 3.7 Scanning electron microscopy images of 10-month aged (22ºC) samples of: A) product 
#5 with initial phytic acid/Fe(III) of 0.25 (primary particle size of 41.8±5.5 nm); B) product #10 
with initial phytic acid/Fe(III) of 0.5 (primary particle size of 41.5±7.6 nm). C) An energy 
dispersive X-ray spectrum at a selected area (white open square) in the 10-month aged product 
shown in panel A), and D) An energy dispersive X-ray spectrum at a selected area (white open 








Figure 3.8 X-ray diffraction diffractograms of hydrothermally treated-ferrihydrite and -phytic 
acid-Fe(III) coprecipitates. The initial phytic acid/Fe(III) molar ratio in every coprecipitate sample 
is: #1, 0.05; #2, 0.1; #3, 0.15; #4, 0.2; #5, 0.25; #6, 0.3; #7, 0.35; #8, 0.4; #9, 0.45; #10, 0.5. The 
solid line at 2 theta of 26.54º corresponds to the peak of phytic acid-Fe precipitate, and the dashed- 








Figure 3.9 Scanning electron microscopy images of hydrothermally treated samples of: A) 
ferrihydrite; B) product #5 with initial phytic acid/Fe(III) of 0.25 (primary particle size of 35.5±4.6 
nm); C) product #10 with initial phytic acid/Fe(III) of 0.5 (primary particle size of 34.6±4.3 nm). 
D) An energy dispersive X-ray spectrum at a selected area (white open square) in #5 product shown 
in panel B), and E) An energy dispersive X-ray spectrum at a selected area (white open square) of 






Figure 3.10 Scanning electron microscopy images of phytic acid-Fe(III) bulk precipitate (primary 






Table 3.1 Physical and chemical properties of fresh, hydrothermally treated and 10 month aged (22±0.6ºC) phytic acid-Fe(III) 
coprecipitates. 
 initial phytic 
acid/Fe 
molar ratio 
phytic acid loading 
level in fresh 
samples 
(mole/kg of solids) 
final 
pH 
phytic acid loading level 
in 10mo aged samples 







Munsell color (10mo 
aged at  
22±0.6 oC) 
#1 0.05 0.808 7.38 0.8079 0.005 5YR 3/3 2.5YR 2.5/3 2.5YR 2.5/3 
#2 0.1 1.467 7.52 1.462 0.317 5YR 3/4 5YR 3/4 2.5YR 3/6 
#3 0.15 2.084 7.44 2.080 0.185 5YR 4/6 5YR 4/6 2.5YR 4/6 
#4 0.2 2.514 7.38 2.505 0.343 5YR 5/6 5YR 5/6 5YR 5/6 
#5 0.25 2.676 7.39 2.649 1.00 5YR 5/8 5YR 5/8 5YR 5/8 
#6 0.3 3.086 7.48 3.053 1.06 7.5YR 5/8 7.5YR 5/8 7.5YR 5/8 
#7 0.35 3.300 7.42 3.253 1.43 7.5YR 6/8 7.5YR 6/8 7.5YR 6/8 
#8 0.4 3.640 7.40 3.596 1.20 7.5YR 7/6 7.5YR 7/6 7.5YR 7/6 
#9 0.45 3.937 7.40 3.856 2.05 7.5YR 7/8 7.5YR 7/8 7.5YR 7/8 
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Chapter 4: Summary  
Colloid-facilitated P transport in soils has been receiving increasing attention. Soil 
colloids like clays, Fe/Al/Ca/Mg minerals and humic substances can act as potential 
adsorbents and contribute to the transport of P in aquatic and terrestrial environments. 
Among these colloids, with their common occurrence and large sorption capacity, Fe 
minerals are of great importance. In this study, sorption mechanisms of phytic acid, the 
most predominant organic P species in soils, at the ferrihydrite-water interface were 
investigated. 
The adsorption of phytic acid was studied at the ferrihydrite water interface at pH 
5-10. Zeta potentials of both ferrihydrite and phytic acid adsorbed ferrihydrite decreased 
to negative values with increasing pH and phytic acid loading. The isoelectric point was 
also decreased from ~8.5 for ferrihydrite to <5 in the presence of phytic acid (2-50 μM). 
Phytic acid adsorption was promoted by increasing ionic strength (from 0.01 to 0.001 M) 
as well as by decreasing pH (from 9.0 to 5.0). The in-situ spectroscopic data showed 
evidence for inner-sphere complexation of phytic acid at the ferrihydrite surface. 
Deconvoluted spectra from solution 31P NMR provided information on different phosphate 
groups’ contribution to the inner-sphere surface complexation. P1, P2, and P3 are the most 
active functional groups and the contribution of P5 appears to be at more alkaline pH. Such 
different affinities are attributed to varied acidity of each phosphate group and strong 
hydrogen bond at alkaline pH. 
In fresh phytic acid-Fe(III) coprecipitates, zeta potential decreased (~-40 to ~-60 
mV) with increasing phytic acid/Fe(III) molar ratio (from 0.05 to 0.5) due to the sorption 
of phytic acid. The average aggregate particle size decreased (~1800 to 788 nm) as a result 
of the inhibitory effect of phytic acid on iron nucleation. The results from XRD and SEM 




phytic acid/Fe(III) molar ratio (0.45-0.5). With decreasing phytic acid/Fe(III), ferrihydrite 
formation was favored, but none of the coprecipitates were able to transform into goethite 
and hematite under hydrothermal treatment. In summary, these results suggest a new role 
of phytic acid in the formation of iron minerals. With higher phytic acid/Fe(III) molar ratio 
(>0.1), the formation of ferric-phytate is favored. At low phytic acid/Fe(III) molar ratio 
(<0.1), the transformation of ferrihydrite is suppressed by surface precipitation and/or 
adsorption of phytic acid on the ferrihydrite surface.  
 
 
 
